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PREFACE 


I IN recent years tidal theory has developed very rapidly and methods of analysis 
■pd predictions of tides have been improved to such a degree that the need has 
•riwn for an exposition of these modem developments in a form suitable for instruc¬ 
tion as well as general reading. This Manual has therefore been compiled with a view 
the exposition of these matters, particularly for the benefit of hydrographic 
purveyors and naval officers in general. The adoption of the Admiralty method of 
predicting tides and tidal streams has made the need for such a book even more 
avident, and the authors of that method were therefore requested to prepare a 
general Manual, which would be intermediate in character between books too elemen¬ 
tary for service needs and books which are too mathematical for officers with 
normal attainments in mathematics. 

H The Manual is divisible into four parts: 

■ (1) The Theory of Tidal Forces and of Harmonic Methods (Chapters If to IX) ; 

I (2) Practical Problems of Recording, Analysing, and Predicting Tides (Chapters 

■ X to XVI); 

I (3) The Theory of Tidal Movements in Channels, Seas, and Oceans (Chapters 

■ XVII to XXV); 

■ ( 4 ) The Theory of Special Tidal Phenomena (Chapters XXVI to XXIX); 

■ The large subject of ocean currents has not been indude'd, as it would involve 
many considerations pertaining more to Oceanography than to Tides, and having 
Hltlc bearing on tidal theory, but the more transient phenomena of meteorological 
•urges has been considered in the Manual. 

Permission to reproduce figures or photographs has been given by : 

I The Surveyor General, Canada (Fig. 27.1), 

B The Royal Society (Figs. 23.1,-23.2, 23.3, 23.4, 27.2, 27.3, 27.6), 

H The Amalgamated Press Ltd. (Fig. 27.4), 

■ Fox Photos Ltd. (Fig. 27.5), 
to whom thanks are due. 

J. A. EDGELL, 

Vice Admiral and 
Hydrographer of the Navy. 

■ Hydrographic Department, 

K Admiralty, London. 

I December, 1941. 
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CHAPTER II 


_ ^ :er to show that there must be tides upon 

Ifhe earth, yet the explanation of"tides as they actually exist must be exceedingly 
I Intricate. In addition to an accurate knowledge of the external forces giving rise 
to tides, it would be necessary to have an accurate knowledge of the parts played 
the configuration of the land masses of the earth's surface, by the depths of the 
Hcaans, by the rotation of the earth, by the internal forces set up on disturbing the 
water surface from its normal level, and also by the frictional forces inevitably 
[ experienced with moving matter. Such an explanation is quite beyond our present 
| Attainments, and therefore no regard should be paid to crude theories purportmg 
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__ >lf with its free surface at right angles to the resultant 

force, it follows that if the fluid is allowed time to attain this equilibrium condition 
Its surface will be inclined to the original undisturbed surface by an angle whose 
tangent is hl(g + v). We have already seen that the values of v and h are of the 
order of one ten-millionth part of g, so that the vertical component v only affects the 
“ imate result by one-ten-millionth p, L 
We shall therefore regard the vert 
practical importance in — 


r _ connection 

^^_lain that we must look to the tractive j 
differential force for the production of tidal 
horizontal component being the main agent in the generation of ■ 


__an of tides. It is quite 

le horizontal components of 


amponents of differential 


this conception of the 
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! that the force at 0 has no component at right angles to C 
expression^.6e) can be arranged to give 






l (2.6 g) becomes equal to 
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2g|£cosCsinC and g|i’sinCcosC 

h is equal to 

| ? |i%in2C.(2.61 

(2-6i) cos C — (2.6j) sin C .... (2.6m; 

this gives the expression 

g|^(2eos*C-sin»C) .... (2.6n; 

force caa be ■**— by “ 
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It is dear, however, that while the variations in tractive force are of apparent I 
complexity, yet they can be split up into simpler parts. An example of this is given I 
for the north component in Fig. 3.6, whose components are graphed in Fig. 3.9. 




and the diurnal part as 
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cos C = sin / sin d — cos l cos d cos Z . (3.6i) 
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in C (A + Je cos 2C) « 


. (4.6c) 















= (sin* l sin* d + i cos* l cos* i - *) - * sin 21 sin 2d cos Z 
-f- i cos* i cos* d cos 2Z 

= J (sin* l - i) (sin* - J) - i sin 2/ sm M cos Z + i cos* l cos* d cos 2Z . (4.5h) 
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' longitude," which is 

_ _„_ _ _» th« vernal equinox, 

and (2) by its “ latitude," measured positively to the north of the ecliptic along a 
great circle cutting the ecliptic at right angles. But, alternatively, its position can 
be expressed in terms of its angular distance along the equator from the vernal 
equinox (this angle being called the " right ascension ’’), together with its angular 
distance (called the " declination ”), north or south of the equator, measured along a 


I The apparent path of the moon oscillates somewhat about the ecliptic (Fig. 5.2), 
and observation shows that while the moon completes a revolution, measured along 
the ecliptic, in a period of 27-3216 mean solar days, the cycle of oscillation north 


























8SEwSSS5SsS2 a '“ 



































lil* 


-AT 




,.rtw. - «. ilSS ssssSEi; 

iiEEiizr™ 

r-s ssSSissssi 











The remarks n 




















R„ cos nt + JR, cos (» + m)t + JR. cos (» - m)t 

KSiEaSir*™ 

«, « + m, and n — m. 















mf 








The next terms in formulae (5.3b) and (5.3c) 

(2s — 2£), with speed-numbers 1-016 and 1-089, re 

H 2 with speed = 27°-968 per me 
S 2 with speed = 30°-000 per me 
2N a with speed = 27°-895 per me; 

and one with speed = 30°-073 per me; 

From general reasoning on the same lines as that already given, the relative 
importance of these terms could be estimated. The last-mentioned constituent is 
negligible, and that denoted by S 2 , as here derived, is, of course, not the principal 
solar semidiurnal constituent, but a small lunar perturbation of the solar con- 

We now have to consider the effects of declination. In the semidiurnal tide the 
declinational factor is cos 2 d. Now suppose that the moon moves only in the ecliptic ; 
‘ he declination completes a cycle of oscillation, north and south of the equator. 


:actly the same period as the _ 

7-3216 mean solar days, or in 655-7 mean solar hours, and 
le periodic term cos 2d has a cycle of oscillation in 327 
' 1*098 (= 360/327-85). Hence this variable fa 




rs will be the speed-r 


ince 2 cos 2 = 1 + cos 2d, 
3 hours and thus a speed- 
or in the lunar amplitude 
icipal term M 2 , and their 


speea-numoer ot m 2 pi 
speed-numbers equal to 


and 28-984 - 1-098 

Now if the declination did not affect the m, 
terms would be equal, and we have thus 
harmonic constituent representing the tid< 

change in right as 


is affected 
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- ; —o-o—-- —>-— Consequently, the angle Z in 

Fig. 5.3 and in formula (5.3f) is changing more rapidly than usual and therefore 
“ x " _r a_x « ij the speed of the complex harmonic representing the 


(see th 


tide is greater than the average speed* Thus we find from Case (2)"of Art.~6._ 
more important of the two constituents with speed-numbers 30-082 and 27- 
' ^ the greater speed. Thus we obtain a constituent 
le lunar declinational semidiurnal 
lean solar hour. 




The changes i 
M 

tudes are small, and the ( 
account. 

6.3. B 


tion due in the period of 18-61 years will be discussed later, 
shall have further remarks to make about K 2 in the next article. 

other constituents could be indicated by these methods, but their ampli- 

—ii — j xu -x-x—x. derived ^ above are the ones usually taken 


ic constituents of the solar equilifc 

The harmonic constituents of the solar semidiurnal tide are 
{c'/r')* cos 2 d'cos 2Z' 

where the dashes denote solar values of distance, declinatio 
distance between the meridian of lower transit of the sun and 
place X (as in Fig. 5.2 for the corresponding case of the moon). 
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15-041 - 0-544 or 14-497 

and Sm»±mSSu»» 

5Ss«cS3' 

$:a=g=SS:S5S - K5S=SKZ: 




re OTMjl^dusSSlyM^iecteA* ^ >ara * lax ^ ac * or on the two constituents K, and P, 


)*(i-sin*i) = (d/^ (icos2i -i) . 


(see 4.3b) 
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CHAPTER VII 


HARMONIC TIDAL CONSTITUENTS 

This chapter will be largely concerned with the details of the mathematical 
processes necessary to obtain more precise data concerning the harmonic constituents. 
The general reader will probably be content with the exposition given in the previous 
chapter and therefore to accept the results of the mathematical processes. These 
results are given first, together with certain formulae necessary for the determination 
of the elements of the lunar and solar orbits, which are required for the arguments 
of the harmonic constituents. Formulae are also given for the nodal factors and phase- 
shifts, together with details of the adjustment of phases for working in standard time. 
Afterwards the mathematical development is expounded. 

(In addition to the harmonic constituents indicated by the development of the 
equilibrium tide, there are many constituents indicated by the theory of tidal motion 
in shallow water, for which reference should be made to Chapter VIII.) 


7.1. List of harmonic constituents 

In the following table the constituents are given as cosines of certain i 
called the arguments, which involve the time and the lunar and solar orbital ele\ 
as well as constants. The time t is taken as Greenwich Mean Time in the tabl 
rules are given for the use of any standard time in Art. 7.3. The orbital elei 
are the mean longitudes s, h, p, p ', and N, as defined in Arts. 5.2 and 5.3. 
constituents are denoted by symbols, but they are not otherwise described, ; 
descriptions have been sufficiently given in the previous chapter. The speed-niu 
give the speeds, or the increments in angle in degrees per mean solar hour, and 
are only given to 4 places of decimals, but more accurate values can be obt 
from the formulas for the orbital elements given in Table 7.2. 

The abbreviated list of harmonic constituents given below is extracted fi 
complete list obtained by elaborate r 


le chapter. The lists and formulas quoted in Tables 7. 




List of Harmonic Constituents of Equilibrium Tide on Meridian of Greenwich 














































cos AcosB - Icos (A + B) + Jcos (A - B). 
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sin i = 0-406 cos (a - 90°) + 0-008 cos (3a - 90^ + 0-090 cos (a - N - 90”) 
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15°* +90°, 15"* + N + 90°, 30“* respectively 
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0-008 30"*- *- 24+^-180" 

Z SE:l-r: : 

0-011 30"* + N - 2s - 180“ . 
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30-J _*_*'■+ 
30".-3 h+f 
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')»- 1-000 + 0-051 cos (h-f) 



(c'/ry (| - 2 sin 1 d') .... (see 4.3a) 


by (5.2a) and (7.9a) this is equal to 

{1 + 0-051 cos .(A — p')} (0-603 + 0-158 cos 2«') . .(7.10a) 
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of shape of progressiv 
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of the high and low waters are obtained. ,„t,.n^iai 

accuracy rd^d^makinl « “fS which allow fo'r the 

variations in the periods of the semidiurnal and diurnal tides and b° th ‘™ c ^ n< J 
heights may be corrected, if necessary, by applying certain shallow-water 

the example in Table 9.1, 
J AdiiniraltyTide Tables .Part HI, to which reference should be 
made for a fuller description of the use of the method and its variations 

The method though it deals adequately with the very difficult problems 
assorted wtth the prediction of mixed diurnal and semidiurnal tides, involves very 
little computation. When familiarity with the process hasi been attained.the c 
putations can be effected with ease m a few mmutes, and t e 
good. 
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M cos (*-«.) + Sees («*-.) . . .(9.10a) 

S{cos«<' + DcosK-i)} . . . .(9.10b) 

D = M/S ‘}.(9.10c) 

We can write (9.10b) in the form. ” * J 

^ S. E cos (nt f — e) .(9.10d) 

iz-.zbtfr 4 ■ ■ ■ • (910e) 

two ^ We ^ the 

which is equal to F > cos30 ° “/•> + F .cos 15" (< -/rf . . . (9.10f) 

F,{cos 30T + J cos 16° (f —j)} .... (9.10g) 

‘ ' 

cos 30°i' + J cos 15° (f — j) .... (I.1QQ 

2sin30T + J sin 15“ (!'-;) =0 . . (9.10j) 

sin 15 - ?sin30°i' .(9.10k) 







c- ey - 

rrriii.}... 

: “ - “” l “ '■ “ - 


/Hco s (m + A-2 s -90“ + «-g) 
/H cos (15°i + 2A - 2s + 




■-■ — } ■ ■'■ 

5sSSs 

f;=«sj.vr- + ,?-s} • • <•■■>» 
SrS^^SaffEr' 3 ® 


■ (*.llg) 












»”< + A + 90“- g )-(6 + 


S2##is?=-ft:tsssira> • <-> 


sr3£SI K 

!i=Sfi»% 2 - 4 )} ■ - <9 - ui) 
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10.8. Electrical recording gauges 

A mechanically operated gauge 
well, but it is often inconvenient to 
reference to the gauge is necessary, as 




Dock and Harbour offices, electrical registra- 

w M _,___udicator is quite easily operated by a gauge. 

It is only necessary to have a drum mechanically geared to the v’ - - 1 “ L " L ‘ 

by the float and wire system ; this d-~ 

can have on its periphery a closely wound resistance wire 
drum serves to record at -the distant offices the voltage be 
zero, this voltage varying with the position~of the contaci 
tide. Such a system is liable to error due to variation ” 
kind of test system is necessary at the office in order 
are many possible variations of this type of indicator. 

There are many other types of electrical recorders. At first sight it would 
appear to be a very simple matter to cause the float and counterpoise system to 
operate a switch which would send an impulse to an indicator or recorder for every 
inch rise of the water, but experience teaches that the amount of power required to 
operate a switch is surprisingly great. It must be rendered im — 


to regulate the voltage. There 


a switch is surprisingly great. It must be rendered 
iln partly closed such as might happen at high w 
i for this provision, while again more power is req 


sn designed 


knocked round by 

be indicated- J 

carriage on 


: l s ifi a U a , 


_. a is provision, 

device after high or low w 
of this sort is beyond th 

rwminor the difficulty is to spread the load over the whole 
rm is lifted by gearing until it tumbles over freely, 

. The throw-over can be operated by m 
ly ingenious mechanisms r l! L '" ‘i *- 

_ transmitting signals, but the principles 

ciently indicated above. 

Te transmitted signals may pass through electro-ma 

se magnets operate ratchet gears so that at each —- 

-j t-~ — x—xu -ri— xu_~,„»u stable gearing the total effect m _ 

fstem can be used to operate a pen 
described in the preceding articles. 
Where the electrical signals are transmitted only over short distances the power 
available may be sufficient to work the electro-magnets, but otherwise the signals 
must operate a sensitive relay, and local electrical currents be thereby used to 
operate the electro-magnets. 

It is evident that there are many sources of error ; the switches may not operate 
owing to dirt, or if the switches break a circuit instead of making one, then dirty 
contacts may be responsible for spurious signals. The relay may fail, the electro¬ 
magnets may be imperfect. It is necessary therefore to make provision for direct 
and independent tests of the actual elevation. This is best effected by a separate 
indicator of the type referred to above. 

It is possible to have automatic correction so that an indicator at the recording 
be operated 


Alternating cu 


atciiidtuxg v«xxx *x.so be used, so that as a float rises it alters the induct- 

_ in an apparatus hanging over the float. This apparatus is then withdrawn 

electrically until equilibrium is again reached. Such systems can only be operated 


be made by direct sounding in the well. 

The advantages of electrical systems are almost 
convenience of having records in offices 
disadvantages are very great in other respects. 






















ManSgraph Plon* 


desired to obtain automatic records by means of a pressure gauge, it is 
;ry carefully designed apparatus. Recording pressure gauges are 

French Hydrographic Service. 


st lightly or 


the free ends of these tubes are. attached sharp needle points which re 
circular smoked glass plate, which is rotated by clockwork. As the _ 
each needle traces a curve which records the changes in pressure. Two tubes are 
used so as to eliminate certain sources of error ; they work in opposite directions 
and the differences in their readings, as measured on the curves, are taken. On com¬ 
pletion of the record the glass plate is removed from the gauge and read by means 
of a powerful microscope. The gauge is sm* 11 '* nmna '’ t anA ic < * nrlnsprf in a 
cylindrical air and watertight ca— 

In all automatic recorders 
air, whether it is outside the pr< 
pressure element as in other types 


tie Bourdon tubes only exposed to pressure 

there is a certain amount of trapped 
as in the mar4graph, or is part of the 
As this volume of air is very sensitive 
changes in the temperature’' it is necessary to record variations of the temperature 

J - *-appropriate corrections to the indications yielded by the gauge. 

mere are many ways of recording temperatures; photographic recording is very 
usual, but in the mar^graph the record is made by a bi-metallic strip. If strips of two 
metals which expand at different rates as the temperature rises are riveted together 
they can only adapt themselves to changes in temperature by curling in the arc of a 
circle, the metal which has the greater expansion being on +w ,e 

arc of a circle of greater diameter than that of the inside 


on the glass plate by a needle point, 
The permanent pressure on th 
Bourdon tube construe*-' 3 
the proportionately ve 
In the mar^graph by an ingenious 
the tubes as the gauge is lowered : 

it outside the " ^ I 


le maregraph 


n the case of the pressure element. 

idicate it would not be sufficiently sensitive to record 
changes in the pressure due to the tidal movement, 
ious device air is forced into the apparatus outside 
consequently the pressure in the 
_ ; the pressure to which the tubes 

are exposed, and no change of pressure is recorded. When the mar^graphls to be used 
in deep water it is placed with a large rubber air bag in a perforated iron case ; the 
air bag and the gauge are connected by a rubber tube which passes through a valve 
kept open by a weight suspended from it. As the case is lowered the increasing 
pressure of the water forces air from the bag into the gauge outside the tubes so that 
pressure inside the gauge remains equal to the pressure of the water outside. When 
the weight touches the bottom the valve closes automatically and the Bourdon tubes 
commence to record changes in the pressure. On raising the gauge the reverse cycle 
of operations is gone through. 

The De Vries-Smitt gauge of the Netherlands Hydrographic Office utilises the 
same general principles as the maregraph, br* ' jM| A 



use at sea depends upon the changes of 
initially in the recording apparatus being 
inge ot movement of the recording element according 
; it is to be used. Photographic records of the move- 
lother type of recorder. 

1 readings of all gauges of these types for variations 
this can be effected by using readings obtained on 

yed so as to ensure their 
ty be cut by the pr opeller 


































!S^a£=5SaSsSSS 



,r,g g|S,] g;;g 






























sfiESSfiaai 




M.H.W.I. = —f 1 hours .... (11.4b) 
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CHAPTER XII 


DATUMS 

12.1. Objects of a datum 

thus latitudes, or measurements in a north-south direction, are referred to the eq uator, 
and longitudes, or measurements in an east-west direction, are referred to the 
meridian of Greenwich. The zero to which vertical measurements, both of the heights 
on land and of the depths at sea, are referred is called the datum. 

All datums should be recorded in a permanent manner by reference to fixed 
marks on the land, and to the best available determination of mean sea level, for 
comparison of such references with those obtained in earlier and later years provides 
information regarding changes in the relative levels of the sea and land. The careful 
recording of the datum in fact gives the survey a permanent value. 

12.2. Mean sea level 

If the tidal forces ceased to operate, the waters of the oceans and seas of the 
world would have a surface level known as mean sea level. We are not concerned 
with the shape of the surface so produced and it suffices to say that this surface 
would not agree with the geoid (the surface every part of which is perpendicular to 
the plumb line) for variations in mean barometric pressure, in mean temperature, 
and in prevailing winds, would continue to exist and would affect the levels. In 
order therefore to compute mean sea level we must eliminate the tide, and this can 
best be effected by averaging heights of the water observed at short intervals of 
time. Mean tide level, see Art. 11.2 and (11.7g), is not the same as mean sea level, 
for the former level is affected by the shallow-water constituents of the tide. 

Daily values of mean sea level are not constant and show large irregular changes, 
mainly due to meteorological conditions. If monthly values for one year are com¬ 
puted, the differences between each monthly value and the mean for the year are 
much less than the daily differences and are found to be, in some degree, regular ; 
what irregularities remain are probably also due to meteorological causes. If 
monthly values for a number of years are computed and compared with the mean 
for the whole period the effects of irregular meteorological changes will be eliminated 
and the differences, if analysed, will be found to have the annual and semi-annual 
periods of the harmonic constituents S a and S sa (see Art. 6.6) ; the range of these 
constituents will, however, at most places be considerably greater than expected 
and, though partly astronomical, they are probably also partly due to regular 
meteorological changes. 

If annual values of mean sea level are compared, small differences between 
them will be found, and it is probable that the level is subject to fluctuations with 
very long periods; the analysis of values over a long period, obtained from tidal 
observations at Marseilles and Brest (see “ Annales des Ponts et Chauss6es,” 1935—X), 
has in fact brought to light fluctuations with periods of 18| years and 93 years ; 
for various reasons the existence of these fluctuations cannot be considered as fully 
proved, but if they exist they may be connected with changes in the orbit of the 

The difference between mean sea level and gravitational level surface is not the 
same everywhere and differences have been found even at places not far apart; for 
instance, six years’ continuous tidal observations (1915-1921) obtained by the 
Ordnance Survey (see Art. 12.3) show that mean sea level is about 0-8 foot higher 
at Dunbar than at Newlyn ; this agrees with other evidence which shows that there 
is, in Great Britain, a rise in sea level from south to north, both on the east and the 
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le results, wh: 




suits, wnicn meaiib lmi wc 
errors with their full values until 
rs, being 


iy calculations accurately and 


ues until the last process, that ... 

which the errors, being supposed to be distributed positively and negatively at 
random, tend to cancel out one another. . ... 

Obviously, a better way is to perform^the 

It is one of the cardinal principles of methods of harmonic analysis to endeavour to 
combine the observations by elementary grouping and averaging prior to attempting 

t0 a Whenwe have done all that is possible in grouping the observations, then we 
have to assume, with a degree of truth depending upon thenumber_0jSthe observa¬ 
tions -that the results are entirely due to the oscillation m which we are interested. 
The question then arises, What has been the consequence of these processes as 
concerning the harmonic constituent ? If we have been careless in grouping the 
observations we may actually have been cancelling the positive part of the oscillation 
by the negative part, and so get a zero result. . .. . 

A simple way of treating the observations is as follows: Suppose, for simplicity, 
that we are dealing with 24 observations of a diurnal oscillation of period exactly 
equal to 24 mean solar hours. Let these observations be regarded as at hours 
r= 0 1 23 What would be the effect of averaging the observations in two 

separate groups for t = 0 to 11 and t = 12 to 23 ? The process of averagmg would 
undoubtedly reduce the casual errors but what about the osollation itself ? 

Since the errors are all supposed to be casual then clearly the average value of 
any one group of observations has no claims over the average value of any other 

group of obseryati-- **“ 15 “ n “ rned - 

provided th; 


tions, so iar as tne prouauic ^-- - 

e groups have equal numbers of observations in 
vhen we consider the effects of the grouping on 
sen can be expressed by 


d which will make the average value ui *. 
i determine B very simply, and similarly 
t and sin nt are given in the following t 
n, of course, enual to 15° Der mean solar he 
: 360°/period. 


The values of cos nt and sin nt are given in 1 
30°, 45°, 60°, 90° with », of course, equal to 15° pei 
constituent, since n = 360°/period. 


group 

lowing taDie lor n - 15°, 
solar hour for the diurnal 



Repeat with opposite sign 
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A, cos 15% cos 15% + B r sin 15% cos 15% 

vaiues of o 0 
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12 A, = f;ycosl5% 
12B, = 'i*sinl5% 
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s and m 


/e s/s ' 


__... _ ... the driving shaft have teeth denoted by 

>x and M 2 components and let these drive the corresponding crank 
abers of teeth are denoted by s' and m*. Then one revolution of the 
--, ^ , - heel and m/m’ revolutions of the 


M 2 crank wheel so that one rev< 
tions of the M 2 crank wheel. 

If we choose the ratio s' 

' m/m Now the practical limit 
the gear ratio (14.4f) unusable, 
for the gear ratio for M 2 , when , 
If, however, we do not dis 
of the shaft (relative to that of 


s = 1 so that the S x componen 
len the gear ratio for M 2 to. Sx is ■ 
for the number of teeth and siz 


rd the freed' 


)ted simply by 
the choice of (14.4e) 



for the gear ratios, with, of course, much greater accuracy, but it is evident that the 
numerator and denominator must each split up into factors. Now in the case of the 
gear ratio (14.4f) this is not possible, for 1447 is a prime number. We must therefore 
proceed a stage further with our calculations, not that we really need greater accuracy 
than is given by (14.4f) but simply in order to obtain factorisable quantities. We 
therefore have an element of choice in our continuation of (14.4f) and (14.4e) and s 
obtain either 


w 5 k + i 14465 -f 0-000122 
n ~ bl+j 7486 

o 6 k + i 17261 + 0-000012 

p 6 l+j 8933 


: phase-increment per 
h case are negligible, 
ind exceedingly accur 


year being respectively 0°-002 
but since 8933 is a prime numl 

lution of the M 2 and Sj *crank i 


• • (U4g) 

. . (14.4h) 

0°-0002. The 

els is given by 


263 X 55 263 X (55?) 

: 197 X 38 197 X (38?) 


(14.4i) 































































counterpoise weight by means of fine wire or string which passes over a pulley. The 
system is illustrated in Fig. 14.8. 

' Let the tension in the wire be denoted by S and let the weight of the pulley and 
T-piece be denoted by G, while the counterpoise weight in the case of the upper 
pulley is denoted by G'. Then the downward pressure exerted on the slipper block is 
equal to G — 2S in the case of the lower pulley and equal to G -f- 2S — G' in thf 


2 upper pulley. 


G + 2S - G' 


se weight is given by 


in the T-pieces will 
. (14.6a) 


edge of the slot in the case o 

therefore, as the resultan 
magnitude will yield 


G'=4S.(14.6b) 

l the wire such that 2S is greater than G 
and T-piece will take place on the upper 

e T-piece in the case of the upper pulley ; 
e opposite in direction, then equality of 


G - 2S = - (G -}- 2S - G') . 


G' = 2G.(14.6d) 

Whichever method is chosen there is one uncertain factor which may easily be 
overlooked. So far we have considered equality of magnitudes of pressures, but to 
ensure these pressures being maintained in one direction in any particular case is by 
no means a simple matter. The relations (14.6b) and (14.6d) are based upon assuming 
G > 2S in the former case and G < 2S in the latter case. It may seem an obvious 
solution to choose the latter relation, for we can make S as big as we choose by adding 
weights to the pen carriage, with the advantage that the wire is then kept perfectly 
taut, but the solution of the problem is not effected so simply, for the tension in the 
wire is not constant, as we shall proceed to show. 

14.7. Effects of friction in the pulleys 

The tension on either side of a pulley is not the same unless there is absolutely 
no friction at the axle of the pulley. The general theory of friction shows that there 
will be the same percentage loss of tension at each pulley. Consider a single pulley 
and let the tensions in the wire on the left and right sides of it be denoted by S x and 
S 2 respectively. Now if the pulley is turning clockwise so that the wire on the right 
is moving down then the friction at the axle will resist the motion so that the tension 
S 2 is then greater than S x by the amount of the frictional force. If, however, the 
movement is reversed then S t will be greater than S 2 by the same amount of frictional 

Now consider a system of N pulleys and let only the one nearest to the fixed 
end of the wire be acting. Then if the motion is such that the pen carriage is falling, 
it is the weight of the pen carriage (W) which is the effective force and therefore the 
tension in the wire will decrease from the free end to the fixed end. If, however, the 
pen carriage is^being pulled^up, then the tension at the fixed end is greater than the 

Let the percentage drop of the wire due to friction be x% at each pulley, then 
the tension near the fixed end of the wire will vary from W^l — to W^l + 
whenever the direction of motion changes, under the circumstances considered 
(viz., that all the pulleys are reversing their directions together on account of the 
motion being controlled by the component nearest to the fixed end of the wire). 
If the change of tension is about 1%, so that * = 1, and if N is 20 then the change¬ 
over in tension at the fixed end of the wire is as much as 40% of the tension at the 
free end. 



























Fig. 14.10. Lcgc component. 



Fig, 14.11. Kelvin component. 


[Toftuzp. 127 . 



















































Fig. 14.12. Kelvin Machine (Tidal Institute). 


[To fact p. 128. 
























Fig. 14.13. Details of Kelvin Machine. 


[To face p. 129. 


Fig. 14.14. Lege Machine (Tidal Institute). 
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The 12 monthly tests made during the running of the machine for heights are always 
considered in relation to the inaccuracy inherent in the testing process, and the per¬ 
missible discrepancies of only two minutes is regarded as a very stringent test upon 
both runnings. The tests, of course, are only taken with the higher high water of 
the day when there is pronounced diurnal inequality. 

This double running of the machine, therefore, has very great advantages over 
a single running and a graphical record. The results obtained are ready for transcrip¬ 
tion on to official forms, after applying any shallow-water correction which may be 
found necessary. 

The matter of shallow-water corrections is so important that a separate chapter 
will be devoted to it. 

14.13. List of tide-predicting machines 

The subject of tide-predicting machines has naturally been discussed prin¬ 
cipally in relation to the machines used for the Admiralty predictions, but the following 
list of machines may be of interest. It is arranged according to the date of con¬ 
struction, and includes all the machines known to have been made. 

Table 14.1 


Dmpletion 

1873 

1879 

1881 


908 

910 


914 

916 

918 

924 

924 

924 

924 

927 


British Association 


Argentine . 
Japanese . 


Portuguese 
Tidal Institute 


Brazilian . 




20—24 

15—16 

19 

33—40 


12 

15 
20 

16 


16 

16 


16 


In 1938 Germany completed a large machine (62 components), and between the 
years 1943-1948 machines of various types were constructed under the supervision of 
the Tidal Institute; for Russia (40), Norway (30), and Spain (16). Between 1948 and 
1953 machines were constructed to a new design by A. T. Doodson and A. L6ge & Co., 
for the Philippines (30), Thailand (30), Tidal Institute (42), India (42), and Argentine (42). 
The Tidal Institute’s 1924 Kelvin machine (increased to 30 components), has been sold 
to France. 


Roberts alone in the second and third. The third machine was purchased by the 
Liverpool Observatory and Tidal Institute in 1929 and reconditioned both then and 
’ ' J " ‘ he components ar . ~ 


x re utilised. The French machine is so called because 

as pm-chased by the French authorities in 1901; it was made by Kelvir 
White, of Glasgow. The tv ’ ‘ ~ 

or by respective — 1 — 


_id the German or.._ 

the rest have been constructed by Kelvin, 
14 Japanese machine was destroyed by an 


Many of these m; 


e, have been modified by th 
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C(01) 


C(27 

C(36) 

C(38) 

C(50) 
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up the Shatt-al-Arab, and the diurnal and semidiurnal tides 
importance. The shallow-water effects are thus very complicated 
of prediction has been extremely difficult The “*■ 1 

primary predictions the predi 


comparable 

_the problem 

_problem is to use as 

_ _inually for Shatt-al-Arab bar. 

relatively small shallow-water effects, an 
the differences between observations at the bar and 

analysis for the constituents of Table 15.1, the resw...^ r 

corrections whith have proved to be quite satisfactory. The method, of cc 
an extension of that described in the preceding article for Quebec 
It is evident that these methods are the harmonic analogue; 
method of differences, only the range of applicability is 

methods are exceedingly powerful ai ’ |M| 




ixtensively by 1 


much greater. The 
le Tidal Institute. 

15,8. Use of predicting machines for corrections 

__ n t the corrections is made possible by a special use of the 

re shall illustrate by reference to the constituent C(25), 
which has a phase increment per mean lunar day equal to that of S„. If therefore we 
.- • “iponent for S 2 and run the machine, then successive 

itervals of half a lunar day will gb 
^ _an lunar day corresponds to one rev 

ank we have an obvious method of computing the corrections : le 

rter’ corrections be set on the appropriate compor--*- +' 
henever the M 2 crank is, say. 

This method is also 


predicting machine 

_le initial phase on the < 

readings at intervals of a lu: 
the intermediate readings at 


)f the M 2 

„ r _ r readings 

vertically downwards. 

° corrections C' have to be applied. 

t four times in order to produce the 

, high water heig Li " . 1 ‘~~ * ~ 

be speeded up a 




Naturally, th 




made. 


15.7. Other types of pi 

There are many other types of problems which can be solved by the adaptation 
of methods describe in thischapter Occasionally approximate values of ortemry 
harmonic constants are desired from observations of high and low water, ana a 
straightforward application of these methods is alone 

also to vield predictions of the times of slack water of tidal streams, from observations 
of slack water and the method is also applicable even if the observations have been 
token only m daylight.o^ ^ ^ of ^ Manual t0 give practical details of the 
- as applied in specific problems, and such applications, of course require 
hnicTskill. Sufficient has been said to indicate the great variety of special 
lave been successfully attacked in recent years, and sufficient has 
explain the general principles utilised in these special methods. 


great technical skill. Sufficient 1 

problems which have been suca ^ _ 

__ desirable!" Though it is possible to get values of M„ S„ 

and a few other principal constituents from high and low water, it is hopeless to 
exnect to be able to develop a method which will give results of accuracy approaching 
that toVe attained with less complications by the analysis of hourly observations. 
Anv attempt to analyse high and low waters with thoroughness by these methods 
reveals a lack of “ convergence.” Thus the constituent S, in its effects upon high 
water heigM fol insTanVwill itself yield the constituent denoted by C(25) but wd 








CHAPTER XVI 

TIDE TABLES 


18.1. Historical account ol tide tables 

Probably the earliest recorded al 
" Codex Cottonianus, Julius DVIIwh 
This work contains calendar and ot'-~ 


prediction is that in 
5. in the British Muse 
geographical informatio 


of which are the production of John Wallingford, who died Abbot of St. Albai 
13, and, at p. 45b, a table on one leaf showing the time of high water at Londc 


30 


time of hi 


jolumns 2 and 3 th 


le of high 


In this table, column 1 gives the m< 
water corresponding to the age. As the 

is the value of H.W.F. & C., which is nov.- 

of high water at London has advanced about one 

In the " Philosophical Transactions,” vol. , _ 

giving the time of high water at London bridge for the year 1683. As in the descrip- 

a:- 1 table, he remarks “ Hitherto our tide tables have only shown the time 

.it is evident that tide tables for London were then regularly 




rf ;S hwate ' 


port of Liverpool, calculated by the Rev. George Holden, 
were first published in the year 1770, and have since been issued regularly. 

It is probable that by this time tide tables were issued for several of the more 
important ports, but the methods used have not been divulged. Regarding this, 

Whewell, in the "History of " -- |jj-' " 

and other places had their ti<- 

methods, in some instances at least, were handed—--- - - - . , 

generations as a family possession, and the publication of new tables, accompanied 
by a statement as to the mode of calculation, was resented as an infringement of the 
rights^iOf^property^ere first publishe( i by t h e Hydrographic Department of the 
Admiralty for the year 1833. The tables then consisted of a pamphlet of a few 
pages only, containing the predicted times of high water at the four principal ports 
in the British Isles. The development to the volumes now published has been 
continuous, as is shown by the following table giving the numbers of ports for which 
predictions have been provided, and the years when the most substantial changes 


929 

941 
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otal gain of volume ; 


. . (17.4f) 

i quarter period. 




This must be equal 
whence we get 


|Tc6Y .... 
to the volume derived from the streams in the 


ITcbY = JTAMJ 
U_ Y 


(17.4g) 


Since U and Y are mean values, and since both u andy can be considered as harmonic 



saw in the previous article, it follows that 




will be the value of y. 


of the ( 


Hence we get, as in (17.4a) 


In Art. 17.7 we shall obtain the value of the rate of propagation c, and. it is 
convenient to anticipate the results of that article in order to estimate the rate of a 
stream. Taking the case where the depth of the channel is 100 fathoms, the rate 
of propagation of the wave is there shown to be 82 nautical miles per hour, and if we 
then take the wave as having an amplitude of 10 ft., we get the maximum rate of 
the stream (at high water or low water) as being 



17.5. A wave as a reservoir o! energy 

Part of the mechanism of the propagation of a wave has been seen in connection 
with the relations between the stream and the elevation, but this needs to be supple¬ 
mented by an understanding of the distribution of energy in the wave. All motion is 
a manifestation of energy, and no wave could ever be generated without work being 
done, lesulting in the impartation of energy to the system. A coiled spring in com¬ 
pression is a store of energy and when the spring is released the energy is made 
manifest by the movement of the spring. During the compressed state the spring 
is said to have potential energy, and clearly there is also potential energy accumu¬ 
lated when a spring is expanded. There are thus two positions in which no move¬ 
ment is taking place and in which all the energy is in storage as potential energy. 
When the spring is released from either position there is rapid movement, and during 
this phase there is a diminution of potential energy and an accumulation of kinetic 
energy, as it is called, due to the movement of the spring. As the spring passes 
through its normal position the potential energy is zero, and all the energy is in the 

This illustration could easily be supplemented by many others, such as the case 
of a swing. In its still position the swing has neither potential nor kinetic energy, 
whereas during the process of swinging there is a transformation of energy from the 
potential form to the kinetic form. At the top of the arc the energy is all in the 
potential form, and at the bottom of the arc all the energy is in the kinetic form. 
In general, all vibration may be considered as a periodic transformation of energy 
from the potential to the kinetic form, and from the kinetic to the potential form. 
Thus all waves can be considered as to their energy content, and the study of the 
relations between the potential and the kinetic forms of energy will throw much 
light upon the mechanism of propagation of the wave. 

A wave in a fluid is more complex than a spring or a swing, for these can be 
considered as entities, whereas it is not always simple to consider a wave system as a 




. It is 


ss of a wave-le 


ye-length. 
according to 


is pictured as extendinj 

energy is not being provided from 

reasoning to conclude that in a vibrating system the total energy 
is constant, a principle called the Law of Conservation of Energy, 
ing with ' 
lis principle wi 


17.6. E 


wave-length it is 

re fluid? Suppose that a progressive 
inded by vertical walls, and that the 
a breadth^ and a mean depth h. Let the elevation of the wave be 
denoted by y, and let the velocity of the fluid across a section transverse to the 
channel be denoted by u. 

Consider firstly a small particle of mass m ; its weight will be equal to mg, where 
g is the’coefficient of gravitational force. The work done in lifting such a particle 
- through a height y is mgy according to the ordinary definition of work as the product 
xu _ -. e ight and the distance through which it is lifted, and this is also equal to the 
... If it has a velocity v then the kinetic energy is 


potential energy of the pa 
\mv 2 , which the general re 




>e verified from the 


l a base of 


Now consider a small column of fluid < 

Its volume will be ay, its mass is the produc 
id its weight is the mass multiplied by - J 






ts; 


ds weight has been lil 
light of the surface of 


iving an el< 

__ and the density, 

coefficient of the force of gravity. If 
having density p, then the weight of the column of water 
' - ’ifted from the mean level to average height equal 

potential energy of the 


i y (pg«y) = h pe«y‘ ■ ■ ■ ■ ( 17 -« a > 

The total area from crest to crest of a wave, in a channel of breadth b, is the product 
of the wave-length l and the breadth i. that is, the total area is lb, and the total 


energy of the sn 


! b Hence 
. (17.6b) 


_. obtained from the expression for the potential 
just considered, if we replace a by lb and 
; wave-length. The same result follows bj 
sidering a large number of columns covering the area from < 
the potential energy per wave-length is 

i pglb X (the mean value of y 2 ) 

In order to obtain the kinetic energy per wave-length, take an “ element " of fluid 
bounded by two near planes separated by a distance d ; the volume between the 
planes is practically equal to the product of the area of either plane and the distance 
between them, the mass is the volume multiplied by the density, and if the water 
has a velocity «, the kinetic energy, which is i X (the mass) X (the square of the 

velocity), is thus UH b+y)^ .(17.6c) 

small compared with h, we can use the simpler expression 

\ P bW .(17.6d) 

iergy between two planes separated by a distance which 
:he mean value of « a so that the total kinetic energy per 

wave-length is . . ,(17.6e) 

be readily obtained by 


r e suppose that y is 
ve require the kine 




£ pbhl X (the m 
in the potential and k 


m = cy 


n 17.4a) 










. (17.6f) 
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iSP X (the mean value of/) = h P x (the mean value of } «») . (17.7c) 
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he direction R,R, is equal to 

tfi -«v . . 


and 1 “ 


• <17.9j) 
. (17.9k) 


pVfP.-P,). 

1 - P S )V = i pV(«‘t - «>i) + P Vg{ H, - HJ + pV(P, - P.) 

Pi + kpu\ + pgH, + pP l =.p, + l p*', + pgK, + pP, . . (17.9q) 
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half of the basin, and that as t 
of water requires to be transpc 
After high water the volume 
diminish, so that the stream a 
considered any other section \ 
that hieh water occurs at the : 

standing oscillation 


re towards high wate 
Df the basin n 


USt beg nwe 


high and low we , 

the simple type we 
half-way between th 


_ nodal line. 

f slack water at 

_ strongest at the 

a low water. It follows that if the oscillations are of 

?oi sSwate^’and 
,t half-tide. 

illustrated in Fig. 18.1, commencing with the half-tide 

_rising on the right. The surface is level, and the streams 

everywhere, though the rates vary according to the distances 




fThfg 

the bounding ends, 

5 shown graphically. Afte 


i no flow can t 
.1 to one-quai 


re will be i 


he left. 


. . e right of the nodal line, and low wat< 
i anywhere. The diagrams for the next two quarter- 
>f the first two diagrams. 


jtangular shape, with length L 
. Let the elevation above the mean 
m be denoted by «, and let the period 


periods are th 

18.2. The period of a standing oscillation 

For simplicity, suppose that the basin has a 
breadth b, and mean (or undisturbed) depth h. 
surface be denoted by y, let the rate of th< 
of oscUlation be T. 

At the moment of high water, the volume of water raised above the mean level, 
|6L x (the mean value of y at high water) . . . (18.2a) 

where 

\bh is the area of half the basin. 

Now this volume of w; 


clearly equal to 


extremity of the basin, anu since i*„ uccic«.»cs uum « maAimu.!* «~ — ** 

zero value in the quarter-period, it is reasonable to suppose that the two means are 
similarly related to the two maximum values, so that we shall feel justified in writing 
it high water 


2 of u„ 


tie quarter-period) . 


. (18.2b) 


le of m„ in the quarter-period U 
ater given by (18.2a) must be equal to 


. (18.2d) 
ims, so that 


. (18.2e) 
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similar result is found in position (e). In position (c), since the primary wave 
' ‘ - ‘he left of the barrier, the stream is flowing in the opposite directi 
tho ctr-Mm flowing to the left. But the stream due 1 
to the left, so that though the elevi 
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elevation in the reflected we 















^ssrrr, 














































































167 



the free oscillations proper to the gulf. We have supposed that the tides in a gulf 
are only influenced by the oceanic tides and the direct effects of the tide-generating 
forces were ignored. Before we can consider these we must consider an enclosed 
sea, in which the maintenance of the forced tidal oscillations must be due to the 
direct effects of the tide-generating forces. If these forces cause impulses recurring 
in phase with the natural free oscillations proper to the sea, then they will maintain 
a forced oscillation of very large amplitude. For a rectangular sea of length L and 
uniform depth h, we showed in Art. 18.2 that the period (T) of the free oscillation is 
given by formula (18.2i) as :— 

T = ^ 


Critical Lengths of Enclosed Sea or Ocean 

Critical Length in Nautical Miles. 
Depth in Fathoms. Period = 12 Hours. Period = 24 Hours. 
80 349 698 

100 494 987 

200 698 1396 

500 1104 2207 

1000 1561 3122 

2000 2207 4418 
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DB = 




. (20.3d) 
. (20.3e) 
. (20.3f) 

. (20.3g) 

. (20.3 h) 
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CHAPTER XXI 

ROTATORY TIDAL STREAMS 


21.1. The phenomenon of rotatory streams 

The preceding chapter shows that gyroscopic forces will cause deflections of 
particles in motion, and we shall now consider the cumulative effects of these and 
other forces on periodic motions. We know from observations that tidal streams in 
most cases do not simply flow to and fro in one direction, but they change direction 
and " rotate ” in the tidal period. Generally speaking, the velocity of the stream 
changes as well as the direction, though it is not unknown for the velocity to remain 
practically unchanged as the direction changes. In the general case, if the velocity 
and direction of the stream are exhibited graphically hour by hour then a curve 
joining the ends of the “ vectors,” which denote the direction and velocity of the 
stream, will take an elliptical form, and in the special case where the velocity is 
constant for all directions of stream the diagram will take the shape of a circle. 

Several causes can be given for the phenomenon of rotatory streams, and we 
shall deal with these in the following order:— 

(a) rotation directly due to the tide-generating forces ; 

\b) rotation due to the earth’s gyration ; ^ ^ ^ 

(d) rotation due to the combination of a progressive wave with a standing 

(e) rotation due to shelving coasts. 

Strictly speaking, all these can be considered as coming under the general 
theory of (c), but for convenience we shall classify the causes of the phenomenon in 
the above way. It is necessary to point out that many of these r*. 1 
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We shall not discuss the very interesting results obtained by Laplace fo 
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The effects of boundaries are again apparent, and it must be obvious that general 

reasoning of the popular type is not likely to be very satisfactory. 

The problem of tides in an ocean bounded by two meridians is of very great 
interest mid importance, for the results for meridians 60° apart might then throw 
light on the Atlantic tides, and those for 180” apart might be useful in connection 
with the tides of the Pacific ocean. The mathematical difficulties are extremely 
great, and the problem has been under continuous investigation by Proudman and 
- ’ ' r nearly 20 years with a view to providing solutions illustrating all widths 

- ■■ j—.*■- --nbitious programme is not yet complete, but at the 


and all depths. This ac 




Meridians 180° apart: the mathematical’theory is complete and the d 
semidiurnal tides have been evaluated and illustrated. 

Meridians up to 90° apart: a special semidiurnal case has been computed lor 

As a preliminary to this work, the tides on a non-rotating earth, in ocei 

bounded by meridians, were computed. ..... . . ,. , 

The results are of extraordinary variety, and the tidal regime is m many instan 
very complicated. Amphidromic systems predominate and there may be quit 
number of such systems occurring together. Within the scope of these pages i 
not possible to describe the whole of the results, and we shall confine oursdves 
illustrating the tidal systems in four oceans, all of the same depth (14^520 ft.) and 
varying widths of 50°, 70”, 90”, and 180” (Figs. 23.1 to 23-4). The cotidal lines are 
drawn for the tidal constituent K, on account of certain simplificaf 
matical formulae for that constituent, but the systems 1 

The numbers on the cotidal lines are the values of the [ 
to the central meridian). The co-range lines have no 
simplicity, but the maximum amplitudes of tide for the four cases are 7-9ti, 4-ari, 
6-3H, and 6-6H respectively, where H is here the maximum amplitude of the equili¬ 
brium tide. It is evident that the tides are much greater than the 
and other results show that resonance will occur m an ocean bounded by meridians 
78” apart, for the same depth (14,520 ft.). ,. 

These figures show that resonance may be expected m an ocean comparable 
in size and, roughly, in shape, with the Atlantic ocean. This was also shown by 
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CHAPTER XXIV 

COTTDAL CHARTS 


24.1. Use of deductions from coastal observations 

The theory of tides is peculiar in the sense that the external forces giving rise 
to them are known with great exactness, and the resultant phenomena can be 
observed without limit so far as the fringes of the oceans are concerned. Our 
reasoning powers fail, however, in connection with the intermediate stages and the 
movement of water in the main oceans. Deductions from the forces have been made 
up to a certain stage, and it remains to be seen whether deductions backwards from 
the facts can be carried to such a stage as to make satisfactory alliance with the 
theoretical deductions. 



Fig. 24.1. Cotidal lines for North sea, Whewell (1836). 


If it were possible to obtain observational data from all parts of the oceans then 
an accurate view of the propagation of the tides could be given in graphical form. 
But the difficulties of observing tides of small range in very deep water are almost 
insuperable, and there is a paucity of information in the central parts of large seas 
and oceans. Practically speaking, such information only exists where there are 
oceanic islands. 

Systematic collection of coastal data was commenced early last century under 
the auspices of Dr. Whewell, whose main object was to deduce as far as possible 
details as to the propagation of the progressive waves then believed to be characteristic 
of the tidal movements. It is quite reasonable to suppose that if the time of high 
water is progressively later along a coast then in the vicinity of the coast the facts 
may possibly be interpreted as indicating a progressive wave travelling along the 
coast. These facts can be interpreted graphically by a system of cotidal lines, 
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which are lines joining all points at which high water occurs at the same instant. 
These lines, in the instance cited, would be approximately at right angles to the 
coast. 

In the case of a narrow sea, the lines may be drawn across the sea, but naturally 
in the absence of other information or without some guidance from theory, or by the 
use of erroneous assumptions, the cotidal lines will vary with the individual who 
draws them. 

24.2. Historical account of cotidal charts 

For the tides in waters near Great Britain, the earliest exponent of the art of 
drawing cotidal lines was Whewell in the year 1833. Later, in 1836, he considerably 
amplified his first chart, and the results for the North sea are given in Fig. 24.1. 



Fig. 24.2. Cotidal lines for English channel and Flemish bight, Airy (1845). 


The numbers on the charts are the cotidal hours, being the times of high water in 
hours of lunar time so that the mean tidal period is taken as 12 hours. Thus on a 
line marked 4, high water is supposed to be four lunar hours after the transit of 
the moon at Greenwich. 

The first attempt made by Whewell was quite modest, as he contented himself 
by drawing lines more or less at right angles to the coast on the hypothesis of a 
progressive wave travelling along the coast. In his second attempt he realised that 
in the Flemish bight the cotidal lines for hours differing by 6 appeared to be 
continuous, and consequently at a certain point all such lines must meet, and that 
there must be no tide at the meeting place. On passing through this no-tide point, 
in any direction, one would pass from high water to low water, or vice versa. Such 
a system was hard of acceptance in those days, and many quite eminent men after 
him were sceptical of its existence, in spite of the results of observations made by 
Captain Hewitt, of H.M.S. Fairy, in the years 1839, 1840, which definitely showed 
a very small range of tide in the vicinity of the point indicated by Whewell. Airy 
in the year 1845 was opposed to the idea of such a no-tide point and proposed the 
chart shown in Fig. 24.2, which purported to represent two systems of waves travelling 
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along opposite coasts. What was supposed to take place at the points where the 
cotidal lines crossed is not explainable. 

The amphidromic point indicated by Whewell was to some extent accepted in 
Tizard’s chart, which was included in “Tides and Tidal Streams,” published by 
the Hydrographic Department of the Admiralty in the year 1909, but the 
amphidromic system proposed is very remarkable ; whereas the ordinary amphi¬ 
dromic system is such that the tides appear to revolve round the amphidromic point 
in the tidal period, in Tizard’s chart of cotidal lines the revolution round the amphi¬ 
dromic point is given as two tidal periods ; that is, if lines are drawn for each cotidal 
hour, there are 24 such lines instead of the usual 12 (or at least there would have 
been 24 if the lines marked 0 had been included). This part of Tizard’s chart 
and also the part for the English channel are illustrated in Fig. 24.3. 



Fig. 24.3.—Cotidal lines for English channel and Flemish bight, Tizard (1909). 


It will be noted that Tizard's chart, though it did not exactly specify a no-tide 
point, implies the existence of such a point. Yet even Darwin in his article on 
tides for the Encyclopaedia Britannica in 1911 included an illustration of a tidal 
chart which rejected such an amphidromic system and utilised Airy’s conception of 
two waves. The chart he gave was taken from Berghaus, Physicalische Atlas. 

Another feature of the early charts is exhibited in the illustration of Airy’s 
chart for the English channel (Fig. 24.2). The cotidal lines are very much curved 
inwards to the channel, so much so that for some of the lines the effect is to suggest 
that it is high water in the centre of the English channel when it is only half tide 
at the sides. This curvature is based upon the supposition that the tide will be earlier 
in deep water than in shallow water, seeing that the rate of travel of a progressive 
wave increases with the square root of the depth. It will be noted that it is the idea 
that tides can be represented by progressive waves that is really responsible for the 
error, for we have shown that where there are boundaries then the tide must be 
more nearly represented by standing oscillations. 

We can consider the fallacy of the supposition as in Art. 21.5, but it is sufficient 
to point out that if we consider the gradient from the sides to the centre of the 
channel, then if there is much curvature in the cotidal lines there must be streams 
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transverse to the channel, and the rates of these streams must be comparable with 
those along the channel. Yet in such charts as those given in Fig. 24.2, the effect of 
the curvature, as already pointed out, is to suggest that it is high water in the centre 
of the English channel when it is half tide at the sides ! If such a state could occur, 
the tidal streams transverse to the channel would be about equal to those along the 
channel, and there is no evidence of such strong tidal streams flowing north and 
south in the English channel, with phase relations to produce the supposed gradients. 

A mathematical examination of this problem was made by Proudman, and he 
found that for a progressive wave in a narrow channel the curvature of cotidal 
lines is very small indeed. He dealt with variable depth, and concluded that when 
the breadth of the channel is only a fraction of the wave-length then the curvature 
of the cotidal lines is always very slight. 

It is perhaps unnecessary to enter into further details of the many charts which 
have been proposed within the last century, not only for the seas around the British 



Fig. 24.4. Cotidal lines for North sea, 
Harris (1904). 



Fig. 24.5. Cotidal lines for North sea, 
Sterneck (1920). 


Isles, but for the whole world. Harris, of the United States Coast and Geodetic 
Survey, made a most elaborate attack on the problem. The chart he proposed for 
the North sea is illustrated in Fig. 24.4. His conception of oscillating areas was 
applied to the whole of the oceans, but his charts cannot be accepted as accurate. 
His theory neglects gyroscopic effects and so is fundamentally incomplete. The work 
of Defant and of Sterneck in recent years deserves mention as they have exploited 
mathematical methods with marked success in the cases of many narrow seas where 
the tidal streams transverse to the length of the sea are comparatively feeble. 
Sterneck has also given charts for the whole world, but the principles on which they 
are drawn are rather obscure. His chart for the North sea (Fig. 24.5) agrees in a 
general way with a recent chart prepared for the Admiralty, which will now be 
considered. 


24.3. Deductions from tidal streams 

It was indicated in the previous article that some of the cotidal lines suggested 
for the English channel were not likely to be correct because the tidal streams 
required to maintain the proposed distribution of elevation were not in agreement 
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with those actually existing. It does not appear as though criteria such as these were 
adequately considered by authors of cotidal charts until a few years ago. Such 
— it.-cj e ignored all but coastal data of elevations, and-the very valuable 


and extensive observations of tidal 
of tidal streams have been taken at places 
of tide are lacking on account of the great 
In Chapters XVII and XVIII the rek 
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rational difficulties, 
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ts provide valuable data enabling the 
directions of thecotidal lines near the coasts to be stated accurately. 

Out at sea, where we have no observational data to give high water times, these 
considerations cannot yield information as to the actual direction of the cotidal 
lines but they can be used to check whether the surface gradients indicated by the 
suggested chart are in strict conformity with the tidal streams. 

24.4. The construction of modern cotidal charts 

The relations between tidal streams and surface gradients have so far been 
utilised in the way of criticism of any proposed chart, but we shall nowgo fmlhermid 

attempt to prove the mathematical formula, but the 
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and if this work can be effected for a number of sectional lines across a channel, 
we get a complete picture of the tides. 

Again, we can draw lines more or less transverse to these sectional lines and we 
can verify that along these lines also the surface-gradients are in conformity with 
the observed tidal streams. Such a network implies the utmost stringency and 
we can feel quite confident that the results are as accurate as possible—they conform 
to the coastal data as well as the data of tidal streams in every direction, and so 
satisfy all the requirements. It may be necessary to allow a little for errors of observa¬ 
tion, but the fitting of the network of stations is equivalent to the smoothing of 
observational data, with enhanced accuracy in the results. 



Fig. 24.7. Network of stations in North sea used by Proudman and Doodson (1922-1924). 
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24.5. The Admiralty chart of cotidal lines 

The principles discussed in the previous article were first applied by Proudman 
and Doodson for the North sea in the year 1922, using a network of stations (Fig. 24.7) 
at which observations of tidal streams had been taken, under the auspices of 



Fig. 24.8. Cotidal lines for North sea, Proudman and Doodson (1924). 

the International Council for the Exploration of the Sea, about ten years previously. 
The results were so promising that the Hydrographic Department requested the work 
to be extended and they provided a large amount of supplementary data, some being 
actual observations of tidal elevations as taken by submarines out at sea. The 
observations, though diverse in origin and character, all fitted together in a very 
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Fig. 24.9. Network of stations in English channel, Doodson and Corkan (1931). 
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Fio. 24.10. Cotidal lines for English channel, Doodson and Corkan (1931). 
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Fig. 24.11. Network of stations in Irish sea and entrance channels, 
Doodson and Corkan (1931). 
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Fig. 24.12. Cotidal lines for Irish sea and entrance channels, 
Doodson and Corkan (1931). 
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Fig. 24. 13. Reproduction of Admiralty Chart No. 5058. 
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24.6. Charts for the oceans 

It has been shown that the difficulties of drawing cotidal charts for narrow 
i channels and small seas are very great, and it is therefore hardly to be expected that 
i at the present time much confidence can be expressed in any sets of charts for large 
oceans. Airy, Harris, and Sterneck, among others, have attempted the solution of 
the problem for the whole world. The principles utilised have been very diverse. 
Perhaps Sterneck’s charts are the most credible, but where the basis of a chart is 



speculation in a high degree, and where the complications are very great, as in the 
Indian and Pacific oceans, it is not considered wise to reproduce such charts. The 
Atlantic ocean, however, is a comparatively simple basin, and we therefore reproduce 
in Figs. 24.14 and 24.15 the charts made by Harris and Sterneck. There is a large 
measure of agreement in the general picture of the motion. 

The distribution of cotidal lines for the diurnal tides in the oceans must be very 
different from that of the semidiurnal tides, and separate charts for semidiurnal 
and diurnal tides are necessary. This arises from the large differences in the speeds 
of the tidal motions, and consequently, since speed is a factor, we must expect slight 
differences between the distribution of lines for two semidiurnal constituents of 
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nearly equal speeds, such as S 2 and M a . Hitherto it has been regarded as sufficient 
to draw charts either for the mean lunar constituent M 2 or for the compound con¬ 
stituent M 2 + S 2 , but the latter practice is not ideal. 
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At this time (hour 3), the tidal streams will be everywhere zero, as we saw from 
the theory of standing oscillations, and three hours later when the surface is level 



Fig. 25.1. North sea : first phase of standing 
oscillation in absence of gyration. 


Fig. 25.2. North sea: second phase of standing 
oscillation in absence of gyration. 



Fig. 25.3. North sea : third phase of standing 
oscillation in absence of gyration. 


Fig. 26.4. North sea : fourth phase of standing 
oscillation in absence of gyration. 


they will be at their maximum strengths, and the greatest streams will be across the 
nodal lines. Thus the successive stages at hours 3, 6, 9 and 12 can be pictured as 
in Figs. 25.1 to 25.4. At hour 12, of course, the conditions are the same as at hour 0. 
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Now consider the effects of the earth’s gyration (again see Art. 20 4) As we 
have seen, the gyroscopic forces build up a gradient transverse to the tidal currents 
and thus at hours 6 ana 12 then* will be gradients along the lines which were nodai 



Fig. 26.7. 



North sea : cotidal lines deduced from particular phases of standing 
oscillation, modified by gyration. 


in^ in the absence of gyration. On the line between areas 1 and 2, at hour 12 
(or 0) there will be a gradient to the west, so that the level is higher on the western 
coa^t than it is on the eastern coast. Similar considerations lead to the determination 
of the gradient along each of the nodal lines at hours 6 and 12, and the resulting 
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CHAPTER XXVI 

DOUBLE HIGH AND LOW WATERS 
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Fig. 27.4. Photograph of bore in Petitcodiac river. 



Fig. 27.5. Photograph of bore in River Trent. 


[To fact p. 229. 
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(4 + 4') (h + h' +y) (« + «') = (4 — 4') (A — h' —y) <* 


-«') • • • (27.4a) 

' > h', u' andy, we get 


(27.4b) 


+ *')*= -gy + ««-«')* . 




. (27.4c) 

. (27.4d) 
















WJtr- 1 and 2 be - ‘ 

«»*. - «M + *(*. - *d - (*. - *J « • 

Let^M be^the mean value of «, and and let h be the mean val 


ly also *,*,=*» 
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as the ra 


If, h< 


at which the 1 


= (i + i?)vp 


nt (U) in a 




= (h_|b) Vi*- U • 


• < 27 ' 8c) 

see therefore, that the bore travels 

than that of a progressive wave (V3). and that the rate of traver is <mu.nime. J 

ISSSSs 

Since the mean depth is 9 ft., and g = 32 ft. per second per second, then y/gh - 
288 ft. per second, whence formula (27.8b) gives 
c = rate of travel of bore = ^^288 ft. per second = 23 ft. per second 
and formula (27.8a) gives 

c _ u = -v/288 P er second = 17 ft. per second 
T . u thu , 6 f t oer second. The value for c is quite close to Wheeler s 

labJo?22 ft uer second, and the mean current as given by Wheeler is 3-5 
second if the bore invades still water. If we take Wheeler s 
value of u from the last formula becomes equal to 5 ft. per seconu. 

The aliment between the observed and theoretical values is remarkable. 
n«rincr thp instability of motion in 


c, then the 


“instability of motion in a bore the formulae given —--- — y 

use in indicating conditions favourable to the formation and rapid 
„ JSTXJL found, as was indicated: m ^ chapter 
rtificial changes in a river may suppress a bore. The reason for this is clearly 


that aftdicialclmnges m a rwer may suppress a bore^ i™ ^ or 

re ^f, m d^n^ rivT is normally less than gh it follows 

..rL -r- inorMcPfi then the chances of formation of a bor 


:es of formation oi a bore are lessened, 
ch can be easily related to the theories. 


revealed in uie 

ments is to deepen the river, ar 
the depth of a river is increased u»u 

There are certain facts regarding uuic a wnx^ 

It has been shown that a bore is generated been rem, 

of a channel bring about a critical stage of velocity of water. 11 has also Deen r 
*w thp velocities of water normally experienced are below the critical values. 
e^deS thSmtbaHhSefcTgrktapossibility of a bore being caused whe 
dlnth of wata is low so that we should Spect the greatest bores to occur afte 
w?ter on a spring tide. Further, the greater the range of ide the greater . 
probability of very small depths of water occurring at low water so that large 
are usually associated with large tides. 


theory for the n 
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= i(*i + *.).(27.9c) 

(«i-<=)'.= (Vi*-*)' .... (27.9d) 

(«,-«)* = (Vi* + *)* .... (27.9e) 

*i(«i -«)=*.(«.-») .... (27.9f) 

dhref *i( Vi*-*)=*, (Vi* + *) 

-&*’»• . . • ■ (27.9g) 

( 27.^^™°rd^ th —■ 

c = Vg* + * = j^ 5j Vf* = | s Vi*. ■ • (27.9h) 

c = ^Vi*-U.(27.9i) 

If we denote the height of the bore by B then we have 
whence B = A, — *, = 2(*j - A) . . . . (27.9j) 

*i = * + iB.(27.9k) 

c = ( 1 + o)^ • • • 


. (27.91) 
























3i the actual pressure. The surface will not suffer deformation if everywhere the 
nressnre is uniformly increased. If, however, a permanent change is made in the 
ill respond to that change and the elevation 
pressure and decreased under areas of high 
: an inverted water barometer, and in places 


distribution of pi 


mean value is only about 1-5 inches it follows that themaximum elevation or depression 
of water due to this cause will only be about 20 inches, but when we take account of 
toe fact that in an enclosed sea the difference of pressure at any moment at anv 
place is not at all likely to be as great as 1-5 inches from the mean over the sea, unless 
it is a very large sea, we conclude that the maximum disturbance in sea level due 
directly to changes m barometric pressure is not likely to exceed 12 to 15 inches 

Since water is almost incompressible it follows that changes in pressure are 
transmitted almost instantaneously, but it does not follow that the surface will 
instantaneously take up the equilibrium or static condition pertaining to the dis- 
tribution of the pressure. In fact, we encounter precisely the same problem as that 
of the response of the oceans to the tide-generating forces. If these forces change 
infinitely slowly, or if the depth of the ocean is infinitely great, then the equilibrium 
relations will be established and maintained, but as water has inertia the response 
to the quickly varying tide-generating forces depends upon the depth and configura- 
sLmeconditions 11 ' S ° ““ the response t0 barom etric pressure depends upon the 
th In th 6 CaS |tlf a bTt Sea r are J 0nc j rned witfl g radients Of atmospheric pressure 

tically the same as the mean pressure at any one place over a period of time 311 Hence 
this accounts for the approximate truth of the relation that the disturbance in sea 
level is approximately 13 times the departure of the barometric pressure from its 
mean value. In actuality, the factor is only appropriate to very slow changes in 
pressure, and where statistical investigations have included all manner of rates of 
variation, very great diversity in the factors has been found. 

What we have said as to the response depending upon the inertia of the water in 
the same manner as to tidal forces accounts sufficiently for this, and we shall proceed 
*“■"« the effects of the rapid changes in the barometer due to a travelling 


\ _ the equilibrium relati 


-- -, ~ie "equilibrium relati 

Dmputed according to the principles outlined a 
barometer corresponding to a change of about 
shows that if c, the rate of travel of the pressure 

will become much larger than the statical elevj 

The formula given above is of a type familiar to us by now for a verv sim 
fo^ Ia ar“Mothir^n?in h conned 111 ! t n h “ nnect i on c ™ ith ^response to t: 
illustration of a general principle that if the disturbing forces^ravel aMffie same' 5 ] 
as that of a free progressive wave in the fluid, then resonance will occur but if 
disturbing forces travel faster or slower than this special rate then the unlimi 
ot take place. 



:e, approaches \ 


: elevi 


is of the s 
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correspond to the depressions of the barometer so long as c 2 is less than gh, but there 
will be a change as the critical value is exceeded, so that where we would naturally, 
according to the statical law, expect elevations, we get depressions. There is said 

We see now very clearly that slow changes in barometric pressure cannot be 
expected to yield such large results as quick changes, and that when the rate of 
travel of the atmospheric disturbance approaches the critical value y/gh a large 
surge will be generated. It is also obvious t hat on this theory there is no clearly marked 
distinction between surges and the static changes, but it is convenient to use the term 
surge when the phenomena are associated with rapidly moving pressure disturbances. 
The distinction is qualitative, rather than quantitative. 

It should be noted that in connection with the resonance effects, the frictional 
forces which have been neglected will prevent unduly large responses to the forces. 
The simple formulae can only indicate conditions likely to lead to large disturbances. 

*28.4. Rapid changes in barometric pressure 

In order to investigate the results of rapid changes in barometric pressure, we 
shall take a simple case of a barometric pressure disturbance travelling at a rate c 
over and along a channel of constant breadth and unlimited depth. 

For the moment we shall consider the state of affairs in which both the pressure 
and the sea have settled down to a steady relationship ; that is, we shall not at 
present discuss the generation and building up of the motion of the sea from an 
initial state of uniform pressure and undisturbed level. 

Let the depth of the fluid be denoted by h, its density by p, the barometric 
pressure at the surface by B, and the internal pressure at any point in the fluid by p. 
Let c denote the rate at which the pressure disturbance is travelling along the channel, 
and let us suppose that we are travelling with the pressure disturbance so that the 
water appears to be moving in a steady state. Then Bernoulli’s equation (17.9r) 
applied to a stream tube in the surface of the fluid gives 

£ + *(«-«)* + gy -constant . . .(28.4a) 

where y is the elevation of the s.urface, u is the actual velocity of the fluid, supposed 
to be constant from the surface to the‘bottom, and (u — c) is the velocity we have 
to consider in the steady motion, since we are moving with the profile. 

The condition of equal rates of transfer of volume across sectional planes gives 
(« — c) (h + y) = constant .... (28.4b) 
where h is the mean depth of the fluid. 

If we ignore squares and products of the relatively small quantities u and y in 
these two equations we get 

t + gy-uc= constant .... (28.4c) 

since c a is a constant. Also at the surface the pressure p is equal to the barometric 
pressure B, so that we get 

gy — uc = — T - constant .... (28.4d) 

From (28.4b) we also get 

uh — cy = constant — 0 
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V(«- e) +»'*=0 . . . .(28.7b) 


!(«-«'-*)■ + ?{*-*') =i(« + «'- C) » + g(* + *')-E . (28.7c) 


















= • ■ • ■ (28- 7e ) 
Now the velocity of the water will generally be very small relatively to the 
that we can now “ 111 the above 

h '=^ .... 


(28.7f) 
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ia of internal waves 

The effects of a solid shelf in setting up seiches lei 
the possible effects of strata of fluid of different densi 


different tempe 
prominence in c 
sub-polar regior 
The phenor 


md with temperature. , 
rater flowing from diffei 
not surprising t AU; 


. Some very remarkable 
occur, and as these have 
i it is desirable to discuss 

ipal causes, the first being 


of theNon^^NorthP^to'^eitionof 1894. Observations 


salinity of 

it depths in deep water revealed a change of density at a depth of 
about 100 to 150 fathoms, and that the surface of discontinuity'of dens " 
vertical rise and fall through a range of 10 to 15 fathoms. Suet 
necessarily involve the transport of large quantities of w 


streams of high velocity^may be experienced, 

variations of elevation of the 
observations for th< 


-ityanc ^ 

associated with; 


tidal streams, and in using the observations for the construction of chai 

lines (as in Chapter XXIV), if there is any stratification 

*29.4. The theory of internal waves 

We shall content ourselves with considering a canal of uniform breadth, constant 
depth, and unlimited length, in which there are two strata of fluid the upper having 
a mean depth of h x and the lower one a mean depth of h 2l so that the mean depth of 
the fluid as a whole is (h x + h 2 ). We shall also suppose that a wave is travelling 
along the surface of separation of the two fluids, with a velocity c. Let the densities 

e profile with the velocity 




be denoted by Pi 
Let us si- 

denoted fiyyi. rusv re. «—- 

its mean value be denoted by y,. 

Then Bernoulli's equation (17.9r), applied to 
spheric pressure is supposed to be constant, gives 

Sri + i(«i - c) 8 = constant . 
where u, is the actual velocity of the fluid in the upper strat 
from top to bottom, and («, - e) is the velocity relative to the 
is moving with the profile. At the surface of separation, if P 
+ gyjL.+ l(“i — c ) s = constant 
and as the pressure is equal to the constant pressure of the 
equal to a weight of water through a depth between t 

P = ghiyx + *i— yi) 

Hence we get 

«(yi+ *.) + «“!-')* = « 
e same equation as in (29.4a) since g/q is a 


of the fluids ab 
surface where the at 


. (29.4b) 

atmosphere plus that 

.. u ave 

. (29.4c) 


This is the 



























y^ = h+h.-£i— .... (29.4s) 
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The following list of books and papers, and references to authors, does not profess 
to be a bibliography of the subject. The great majority of the readers of this Manual 
will probably not be interested in the mathematical papers which are fundamental 
to the theory of the subject, so that many important papers are omitted. It is 
regarded as sufficient to provide a general guide to the literature, principally in the 
English language, and to give references to memoirs which have been used directly 
or indirectly in the compilation of the Manual. Titles of papers and books have 
been abbreviated in some instances. 
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Current meters in great variety have been designed by Pillsbury, Ekman, Petterson. 
Jacobson, Witting, Ott, Rauschelbach, Idrac, Wollaston, Carruthers, and Doodson. 
The review by Thorade is a very useful summary of the salient features of most of 
these meters. Many articles on the subject are to be found m the volumes of the 
Hydrographic Review, Monaco. . , , . 

Particulars of tide-predicting machines (photographs, list of components, etc.) 
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Kosmischen Physik. 1-80, Hamburg. 

In this Manual considerable use is ma< 

1738. It is discussed in detail in all standar 

and finds many applications in connection mm ou 6 r..v.v.^ & . --——-- 

made of the artifice due to Rayleigh, whereby progressive waves are reduced tc 
steady motions so that Bernoulli's equation can be used. The above two papers are 
the original sources. The papers by Proudman on tides in channels and small seas 
’ ve been freely used^ 
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Absurd theories, 1 

Acceleration, due to a force, 172; due to 
gravity, 6 

Accuracy of Tide Tables, 140-142 
Admiralty cotidal charts, 200, 205-210 
Admiralty method of predicting, brief 
description of, 71 ; computation of tables 
for, 70; derivation of quantities B, C, 
b and c, 77, 78 ; equilibrium relations for 
Kj and P 1( 75 ; equilibrium relations for 
M, and N t , 74; equilibrium relations for 
S tf K, and T,, 74 ; errors in use of transits 
for lunar tides, 76; example of computa¬ 
tion by, 72, 73; in connection with 
reduction of short lengths of observations, 
116; is essentially non-harmonic, 117 ; 
relation to equilibrium forms, 70; special 
attention devoted to equilibrium relations, 
3 ; use of transits for lunar tides, 74, 75 ; 
variations in equilibrium relations, 70 
“Admiralty Tide Tables,” accuracy of, 140- 
142 ; analyses for, 139 ; changes in, 137, 

138 ; first published, 137 ; interchanges of 
predictions, 140 ; Part III, 71 ; supple¬ 
mentary tables in, 138, 139 

Age, of tide, 94 ; of diurnal tide, 95, 96 ; of 
semidiurnal tide, 96 
Airy, Sir George, 4, 190, 192, 199, 212 
Amphidromic point, defined, 6, 184; in 
Flemish bight, 200, 211 ; in North channel, 
214; off coast of Norway, 211, 217 
Amphidromic system, defined, 6 ; degenerate, 
212, 214, 217, 223 ; due to gyration, 182- 
186 ; general remarks on, 187 ; in North 
sea, 216 ; in small deep seas, due to tide¬ 
generating (or differential) forces, 184,187 ; 
rotation of, 184, 187; rotation of streams 
in, 184 

Amplitude (s), defined, 6, 49; of harmonic 
constituents, 103 ; of shallow-water tides, 
60 ; of shallow-water tides, laws of varia¬ 
tion, 66 

" An exact survey of the Tide,” 1 
Analysis (es), harmonic, daily, monthly and 
annual process, 112-114; data for, 103; 
Liverpool Tidal Institute method, 110; 
multipliers for, 106, 107, 109; of mixed 
oscillations, 107-109 ; of observations for 
15 or 29 days, 114, 116 ; of simple oscilla¬ 
tions, 104-107 ; recommended intervals of, 

139 

Angles between cotidal lines, 186 
Annual and semi-annual constituents, 49 
Apparent progressive wave near coast, 185 
Arctic and Antarctic circles, 40 
Argument (s), defined, 60; in terms of 
G.M.T., 61 ; of harmonic constituents, 50, 
61, 103 ; of harmonic shallow-water 

constituents, 67, 68 
Aries, first point of, 37 


Artifice, of travelling with disturbance, 244 ; 
of travelling with wave, 5, 163, 154, 190, 
235 

Artificial changes in river, effects of, 228, 230 
Ascending node, moon’s, 38 
Astronomical elements, formulae for, 62 
Atlantic ocean, 192-194, 212 
Attraction, laws of, 7 

Attractive force (s), lunar, 7-9, 13, 14 ; solar, 
13 

Automatic tide gauge, advantages of float of 
large diameter, 82, 83 ; counterpoises, 83- 
85 ; clock, 87 ; dimensions of float, 82, 83 ; 
dimensions of well and orifice, 80-82; 
drum, 87 ; effect of orifice in reducing 
wave motion, 81, 82 ; electrical recording 
of readings, 88, 89 ; errors due to small size 
of float, 82, 83 ; " flats ” in record, 86 ; 
float and pen wires, 83 ; height recording 
mechanism, 83-87; lag of, 85; metal 
bands as alternatives to float and pen 
wires, 84, 85 ; placing paper record on 
drum, 87 ; precautions to prevent float and 
pen wires from slipping, 84 ; rate of rise in 
well, 81 ; record of errors, 87; record 
paper, 87 ; setting, 85 ; ” steps ” in 

record, 86 ; time recording mechanism, 87 
Avonmouth (Port of Bristol), accuracy of 
tidal predictions, 141, 142 


Barlow, E., 1 

Barometer pressure, effects of changes in, 238- 
240 ; effects of rapid changes in, 240, 241 
Basra, tides at, 135, 136 
Beechey, 213 

Bell-Dawson, Dr. W., 228 
Berghaus, " Physicalische Atlas”, 200 
Bernoulli, 3 

Bernoulli’s equation, 4, 153, 154, 188, 190, 
231, 232, 240, 244, 254 

Bore, defined, 6; described, 227; general 
description of, 227-229; generation of, 
233-236 ; in Chien tang kiang, 227, 228 ; 
in Petitcodiac river, 228; in River Seine, 
228; in River Severn, 227; in River 
Trent, 228, 229, 236 ; mathematical theory 
of, 236, 237 ; profile of, 228 ; propagation 
of, 235, 236 ; rate of travel of, 236 ; sta¬ 
tionary, 236 

Brief description of Admiralty method, 71 
Bristol, Port of, accuracy of tidal predic¬ 
tions, 141, 142 


Canal, defined, 6 ; forced waves in, 190 ; 
investigation of waves in, 4 ; theory, 4; 
theory of tides in oceans, 191, 192 
Casual errors, 103, 104-107 
Celestial sphere, 37 
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Centrifugal force(s), described, 170, 171 ; 

mathematical theory of, 172, 173 
Cessation of pressure disturbance, effect of 
sudden, 241 
Champion, 228, 229 

Changes, in Admiralty Tide Tables, 137, 138 ; 

in barometric pressure, effects of, 238-241 
Channel, defined, 6 ; effects of corrugations 
in, 229, 230; effects of restrictions in, 
229-231 ; English, tides in, 217 ; gradient 
of surface in, 233-235 ; inclined, motions 
in, 232—235 ; of variable depth, tides and 
streams in, 179 ; relative times of high 
water at middle and sides, 179, 200, 201 ; 
transverse gradient in, 182 ; transverse 
streams in, 180, 182 

Characteristics, of progressive waves, 143-145; 
of standing oscillations, 156, 157 ; of 

streams same as forces, 26 ; of tides same 
as forces, 26 

Chart datum, defined, 101 ; lack of uni¬ 
formity in, 101, 102 
Chien tang kiang, bore in, 227, 228 
Clock of automatic tide gauge, 87 
Coefficient, common, of equilibrium tide, 
formula for, 33; of a force, 172 ; of 
gravitational force, 6, 172 
Colborne, 195 
Complex surges, 244, 245 
Component(s), explained, 7, 8 ; necessity for 
resolution of tractive force into, 20, 21 ; 
of forces, formulae for (see under “ Form¬ 
ulae ”) ; of lunar tide-generating (or 
differential) force, 10-13, 14, 15 ; of lunar 
tractive force, 20-24; of predicting 
machines, 118, 119, 127, 128; of solar 
forces, 13, 16 ; (see also under the various 
forces) 

Computation, of tables in Admiralty method, 
76-78; of hourly heights, 117, 118, 139 
Conditions for generation of double high or 
low waters, 220-222 

Conservation, of energy, law of, 148-150, 153, 
158 ; of volume, law of, 149 
Constants, harmonic defined, 49 ; harmonic 
equivalents for non-harmonic, 95-99 ; non¬ 
harmonic, 93-95 

Constituent (s), harmonic, amplitudes of, 6, 
49, 103 ; annual and semi-annual, 49; 
arguments of, 103; defined, 6; designa¬ 
tions of, 103, 104; list of, 50, 51 ; lunar 
diurnal, 47, 48 ; lunar fortnightly, 49; 
lunar monthly, 49 ; lunar semidiurnal, 47 • 
luni-solar diurnal, 48 ; luni-solar semi¬ 
diurnal, 47 ; of equilibrium tide, 45-49 ; 
phases of, 52, 53, 103 ; phase-lags of,* 49, 
62, 63, 103, 104; quarter-diurnal, 67, 68, 
133 ; shallow-water, 67-69 ; sixth-diurnal, 
67, 68, 133; special shallow-water, 134, 
135 ; solar annual and semi-annual, 49 ; 
solar diurnal, 48 ; solar semidiurnal, 46, 
47 ; (see also under the various species) 
Construction, of modern cotidal charts, 202- 
204 ; of stereographic diagrams, 28, 29 
Continuity, equation of, 188 
Converging estuaries, tides and streams in 
168, 169 

Co-range lines, defined, 6 ; in small deep seas, 
186 ; in waters surrounding British Isles 
210 

Corkan, 206-210, 228, 229, 248, 249 
Corollary to law of conservation of energy. 


Corrected establishment defined, 93 
Corrections, shallow water, 132-135 ; use of 
predicting machine for, 136 
Corrugations in channel, effect of, 229, 230 
Cotidal charts, construction of modern, 202- 
204 ; early, curvature of cotidal lines, 200, 
201 ; history of, 199-201 
Cotidal lines, Admiralty chart of, 205-212 ; 
angles between, 186 ; curvature of, 200, 
201 ; defined, 6, 198, 199 
Counterpoises, in predicting machines, 124, 
125 ; in tide gauges, 83, 85 
Creation of pressure disturbance, effect of 
sudden, 241 

Critical length, of an enclosed sea, 167, 168 ; 
of a gulf, 166 

Current, defined, 6 ; deflection by gyroscopic 
forces, 245, 246, 250-252 ; Ekman’s theory 
of, 249—252 ; meters, 91, 92 (see also under 
" Meters, current ") ; observations, 91 ; 
wind, in deep water, 245, 246 
Cyclone, distribution of winds in, 246, 247 
Cyclonic systems, surges due to, 246, 247 


Daily , monthly and annual process of 
analysis, 112-114 
Damped free oscillation, 248 
Darwin, Sir George, 3, 4, 102, 200, 218 
Data for harmonic analysis, 103 
Datum, defined, 5 ; lack of uniformity in, 
101; land survey, 101, 138 ; mean sea 
level as, 101, 102; object of, 100; of 
hydrographic survey, 101, 102 ; Ordnance, 
101 

Declination, defined, 37 ; effect of, 24-26 ; 
lunar, 41, 42 ; relation between longitude 
and, 40 ; relation between right ascension 
and, 41, 42 ; solar, 40, 41 ; variation of 
equilibrium tide with, 32-36 ; variation of 
tractive force with, 26-28 
Deduction (s), concerning streams and tides, 
25, 26; from coastal observations, 198, 
199 ; from tidal streams, 201, 202 ; from 
tractive forces, 25, 26 ; of harmonic 
constants, 115, 116; of tides from tidal 
streams, 202-204 

Deep water, wind currents in, 245, 246 
Defant, 201 

Definitions (see under quantities defined) 
Deformation of earth’s fluid surface by tidal 
forces, 33 

Degenerate amphidromic system, 212, 214 
219, 223 

Depth, defined, 5 ; variations of stream with, 
14, 145 

Derivation, of formula for analysis for mean 
sea level, 110-112 ; of harmonic shallow- 
water constituents, 67, 68 
Descriptions o’ harmonic constituents, 44-49 
Designations of harmonic constants, 103, 104 
Dessiou, 2 

Determination of daily values of mean sea 
level, 110-112 

Development, of lunar equilibrium tide, 53- 
58 ; of lunar long-period tide, 58, 59 ; of 
pressure surges, 241-243 ; of solar equili¬ 
brium tide, 59, 60 ; of solar long-period 
tide, 60 

De Vries-Smitt tide gauge, 90 
Diagrammatic representation of lunar trac¬ 
tive forces, 17, 18 
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Diagrams, of streams, 0 ; stereographic, 17, 
IS 28 29 

Differences, method of predicting by, 117 
Differential, effects of wind in cyclone, 247 ; 
force defined, 9 (see also under “ Tide¬ 
generating (or differential) force ”) 
Dimensions, of tide gauge float, 82, 83 ; of 
well and orifice for tide gauge, 80-82 
Direct and inverted tides, 190-192 
Direction(s), of components of tractive force, 
19-24; of deflections due to gyroscopic 
forces, 172 ; of rotation of amphidromic 
systems, 184, 187 ; of rotation of streams, 
177-180, 184 * 

Discontinuities of pressure, effects of, 244 
Distance, effects of changes in lunar, 26; 

travelled under gravity, 151 
Distortion, of a wave, 150, 151 ; of a pro¬ 
gressive wave, 62, 63 ; of physical phe¬ 
nomena, 143 

Distortional effects of shallow water, 62 
Distribution, of atmospheric pressure, 239 ; 
of energy in a wave, 147, 148 ; of winds m 
a cyclone, 246, 247 

Disturbance of equilibrium under steady 


motion, 171 

Diurnal, components of tractive forces, 23, 
24; inequality, 94; lunar constituents, 
47,’ 48 ; luni-solar constituents, 48 ; non¬ 
harmonic terms, 94, 95; oscillations of 
tractive forces, 23-25 ; solar constituents, 
48 ; species of equilibrium tide, formula 
for, 33 ; springs and neaps, 94 ; tide, age 
of, 95, 96 ; tide in Admiralty method, 75 

Doodson, 50, 194, 204r-210, 248 

Double high and low water, at Portland and 
Southampton, 223-226; erroneous ex¬ 
planations of, 218 ; generation by higher 
species of shallow-water tides, 221, 222 ; 
generation by quarter-diurnal- tides, 220, 
221 ; part played by shallow-water tides, 
219,’ 220 ; relation to standing oscillations, 
222, 223 

Dover strait, 214, 216 

Drift-currents, Ekman s theory of, 245, 24b, 


249-252 

Drum of automatic tide gauge, 87 


Eagre, 6, 227 

Early tide tables, 2, 137 ; for London 
bridge, 137 . 

Earth, gyration of, 170, 171 ; deformation by 
tidal forces of fluid surface of, 33 

Ecliptic, defined, 37 

Effects, of artificial changes in rivers, 228, 
230; of changes in barometric pressure, 
238-241 ; of corrugations in a channel, 229, 
230; of gyration of earth, in English 
channel, Irish sea and North sea, 213-217 ; 
of lunar declination, 24-26, 46 ; of lunar 
distance, 26, 45, 46 ; of restrictions in a 
channel, 229, 231 ; of wind, 243-246, 248, 


Ekman's theory, of drift, 245, 246; of drift 
currents, 249-252 

Electrical, measurements of tide level, 80 , 
recording tide gauges, 88, 89 
Elevation, in converging estuaries, laws ox 
variation of, 169; in progressive waves, 
relation between stream and, 143-145; 
in standing oscillations, relation between 
stream and, 156, 167, 162 


Ellipses, stream, 176, 177, 179-181 
Elliptical constituents, lunar, 45, 46; solar, 

47 

Enclosed sea, critical length of, 167, 168; 
amphidromic system in, 183-187 ; forced 
oscillation in, 167, 168 ; resonance in, 168 
" Encyclopaedia Britannica,” 1911, article on 
tides, 200 

Energy, corollary to law of conservation of, 
149 ; explained, 147 ; kinetic, 147-150, 
158, 168, 191 ; law of conservation of, 148- 
160, 153, 158; of a particle, 151; potential, 
147-150, 157, 168, 191 ; (see also under 
“ Kinetic energy ” and " Potential 
energy ”) 

English channel 200, 206, 207, 210 ; explana¬ 
tion of tides in, 217 (< 

Equation (s), Bernoulli's (see under Ber¬ 
noulli’s equation) ; method of predicting, 
117 ; of continuity, 188 ; of tides, 3, 4, 
188 ; tidal, 3, 4, 188 
Equator, 37, 38 

Equilibrium, disturbance of, 171 ; relation 
between K a and P a , 75 ; relation between 
M a and N a , 74 ; relation between S a , K a 
and T a , 74 ; relations, variations in, 70 ; 
theory, 30, 188, 189 ; under steady condi¬ 
tions, 171 ; under tractive and gravita¬ 
tional forces, 30, 31 

Equilibrium tide, 3, 185; as standard of 
reference, 30, 31 ; declination and parallax 
factors in, 32, 33 ; development of lunar, 
63-58; development of solar, 59, 60; 
formulae for, 33, 35, 36; long-period 
variations in, 33 ; mathematical investiga¬ 
tion of, 35, 36 ; maximum values of lunar 
and solar, 33 ; variations in lunar, 31, 32 
Equinox, vernal, defined, 37 
Erroneous, explanations of double high 
waters, 218, 219 ; tidal theories, 1, 179 
Errors, in tidal predictions, 140-142 ; in use 
of transits for predictions by Admiralty 
method, 75 

Establishment, corrected, 93 ; vulgar, 93 
Example of predicting by Admiralty method, 
72, 73 

Explanations, erroneous, of double high 
water, 218, 219; of tides in English 
channel, 217 ; of tides in Irish sea, 213, 
214 : of tides in North sea, 214-217 


f defined, 49 ; for shallow-water constituents, 
68 ; formulae for, 52, 58, 59, 68 
Fav6, Mar6graph Plongeur, 90 
Ferrel, 4, 131 

First point of Aries, defined, 37 
Flamsteed, 137 

Flemish bight, 199, 214 ; amphidromic point 
in, 200 ; tides in, 217 

Float, of automatic tide gauge, dimensions. 

Floods in River Thames, 247, 248 
Fluids, at rest, 151-153 ; in motion, 3 ; in 
steady motion, 151-153 ; strata of, 250, 
251,254-257 

Flux and flow of streams defined, 144 
Forced, motions, tides as, 163 ; oscillations 
in an enclosed sea, 167; waves, 190; 
waves in canals encircling the earth, 190, 
f 191 ; waves, rate of travel of, 191 













265 


Force (s), acceleration due to a, 172 ; amphi- 
dromic system due to tide-generating, 185, 
186 ; attractive (see under “ Attractive 
force ”) ; centrifugal (see under “ Centri¬ 
fugal force ”) ; coefficient of a, 172; 
coefficient of gravitational, 6, 172 ; com¬ 
ponents of (see under " Components ” and 
under the various forces) ; formulae for (see 
under " Formulae ” and under the various 
forces) ; differential (see under “ Tide¬ 
generating (or differential) force ”) ; gyro¬ 
scopic (see under " Gyroscopic forces ”) ; 
potential of, 153, 190 ; relation of solar to 
lunar, 13 ; response of water to a, 34, 70 ; 
rotatory streams due to (see under Rotatory 
streams ”) ; streams due to, 6; tide¬ 
generating (see under “ Tide-generating (or 
differential) force ”) ; tractive (see under 
" Tractive force ”) ; tractive, of wind, 243, 
250 ; work done by a, 152, 15a 
Foreign tide tables, 138, 140 
Formulae for, analysis of daily values of mean 
sea level. 111, 112 ; attractive forces, 8, 9 ; 
components of tide - generating (or 
differential) force, 12, 13 ; components of 
tractive force, 25, 26-28 ; diurnal species, 
33 ; equilibrium tide, 33, 35, 36 ; / and w, 
52, 68, 59; f and u of shallow-water 
constituents, 68 ; long-period species, 33 ; 
lunar motions, 41, 42 ; nodal variations, 
62; semidiurnal species, 33 ; solar 

motions, 39-41 ; tide-generating (or 
differential) force, 9, 10 ; tractive force, 12, 
13; wind effects, 248 ; (very many 

formulas are given in the Manual, only the 
more important are included here) 
Fortnightly constituent, lunar, 48, 49 
Free, damped oscillation, 248 ; motions, 163 ; 
waves, 190 

Freshwater bay, tides in, 223, 224 
Frictional effects, in automatic tide gauge, 
82, 84-86 ; in Irish sea, 214; in North 
sea, 217; in predicting machines, 125- 
127 ; of wind on sea surface, 243 
Frictional forces, internal, 245, 250 


g, defined, 53 ; relation between k and, 63, 

116 

Gauge, tide, automatic, 83-87 (see also under 
" Automatic tide gauge ”) ; depending 
upon changes in volume, 89; electrical 
recording, 88, 89 ; pressure, 89-91 
Geafr ratios for constituents in predicting 
machines, 119, 123 

General description, of bores, 227-229 ; of 
predicting machines, 128, 129 
Generation, of bores, 233-235; of double 
high and low waters, 220-222 ; of shallow- 
water constituents, 62-64 ; of tides, 6 
Genesis of tidal streams, 13, 14 
Goldsbrough, 193 

Gradient, curves, in predicting machine, 129, 
130; of sea surface, due to wind or pressure, 
243-245 ; of surface in an inclined channel, 
233-236 ; transverse, in a channel, 182 
Gravitation, laws of, 3 

Gravitational force, coefficient^ of, 6, 172 ; 
equilibrium under, 30, 31; of the earth, 

152 


Gravity, acceleration due to, 6 
Gulfs, critical length of, 166 ; resonance in, 
166 ; standing oscillations in, 167 ; streams 
in, 163-167 ; tides in, 163-167 
Gyration, amphidromic system due to, 183— 
185 ; defined, 170 ; of the earth, 170 ; of 
the earth, effects in Irish sea, 213, 214 ; 
of the earth, effects in North sea, 214, 215 
Gyroscopic forces, amphidromic systems due 
to, 182-185 ; deflection of wind current by, 
245, 246, 250-252 ; explained, 171, 172 ; 
in English channel, effects of, 217 ; in Irish 
sea, effects of, 213, 214; in North sea, 
effects of, 214, 215 ; mathematical theory 
for, 173-176; rotatory streams due to, 177, 
178 ; transverse gradient due to, 182 


H (amplitude), defined, 49 
Harmonic, analysis (see under " Analysis, 
harmonic ”) ; and non-harmonic con¬ 
stants, 95-99 ; constants, defined, 49 ; 
constituents (see under “ Constituents, 
harmonic ”) ; method of predicting, 4, 
117, 118 ; motion, 123, 124 ; terms, simple 
and compound, 44, 45 
Harris, 3-5, 192, 193, 201, 212 
Height of tide at any time, 139 
Hewitt, Captain, 199 

High water, defined, 5 ; double, 218 ; double, 
in Freshwater bay, 224 ; double, at South¬ 
ampton, 223-226; Full and Change, 93, 96, 
96 ; height, 94, 95, 97, 98 ; higher, defined, 
95 ; lunitidal interval, 93, 96-99 ; relative 
times at middle and sides of channel, 179, 
200, 201 ; springs and neaps, 94, 95, 97, 98 
Historical, account of tide tables, 137, 138 ; 
review, 3-5 

" History of the Inductive Sciences,” 2, 137 
Holden, Rev. George, 2, 137 
Holden’s Almanack, 139 
Horizontal component of tide-generating (or 
differential) force, 11-13, 16, 16 ; (see also 
under " Tractive force ”). 

Hough, 193 

Hourly, heights, computation of, 117, 118; 
heights, tables of, 139, 140 ; variations of 
tractive force, 19-24 
Hutchinson, 2 

Hydrographic, Department, 137, 140, 200, 
205, 210 ; Conferences, International, 101, 
102 ; surveys, datums of, 101, 102 


Inclined channel, motion in, 232-235 
Indian Spring Low Water, 102 
Indicators, tide, 79, 80 

Influence, of terrestrial conditions, 143 ; of 
wind upon the sea, 243, 244 
Interchange of predictions, 140 
Internal, frictional forces, 245, 260 ; waves, 
phenomena of, 254; waves, theory of, 
254-257 

International, Council for the Exploration of 
the Sea, 205 ; Hydrographic Conferences, 
101, 102 ; low water, 102 
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Intervals, lunitidal, 34, 93, 95-99 
Invention of tide-predicting machine, 118 
Inversion, 240 

Inverted, tides, 190-192 ; water barometer, 
239 

Investigation (s), mathematical (see under 
“ Mathematical investigation (s) ” ) ; of 
fluids at rest and fluids in steady motion, 
161-153 ; of Southampton tides, 224-226 
Irish sea, 210 ; explanation of tides in, 213, 
214 

Isle of Wight, tides near, 212, 217, 218, 223 
Isolation of species, 109, 110 


Jeffreys, 196 

Julian year, length of, 38 


Kappa (k), defined, 49, 63 ; relation between 
g and, 53, 116 

Kelvin, Lord (Sir William Thomson ), 3, 4, 
118, 128, 131, 182, 189, 218 
Kelvin & White, 131 
Kelvin Bottomley & Baird, 122, 127, 131 
Kelvin, predicting machine, description of, 
128 ; waves, 182 

Kinetic energy, defined, 147 ; in canals 
encircling the earth, 191 ; in converging 
estuaries, 168 ; of a free progressive wave, 
148-150 ; of a standing oscillation, 158 ; 
relation between potential energy and, 147 
King road, accuracy of tidal predictions, 
141, 142 

Knot, defined, 6 


Lack of uniformity in datums, 101, 102 
Legging of tide, defined, 94 
Lags of tide, 34, 70 
Land survey datums, 101, 138 
Laplace, 3, 4, 189, 190, 193 . 

Laplace’s, principle, 4, 34, 35, 49 ; solution, 
189 190 

Latitude, defined, 37; tides in oceans 
bounded by parallels of, 193, 194 
Law(s), of attraction, 7 ; of conservation of 
energy, 148-160, 152, 153, 158 ; of con¬ 
servation of energy, corollary to, 149 ; of 
conservation of volume, 149 ; of gravita¬ 
tion, 3 ; of variation of elevation and 
stream with changing breadth and depth, 


Least square rule, 108 
L6g6 & Co., 122, 127, 128, 131 
Length, of a gulf, critical, 166 ; of a Julian 
year, 38 ; of a mean solar year, 37 ; of a 
nautical mile, 6 ; of a progressive wave, 
defined, 143 ; of a statute mile, 6 ; of an 
enclosed sea, critical, 167, 168 ; of lunar 


UlOQvilu| 

List(s), of harmonic constituents, 60, 61 ; of 
harmonic shallow-water constituents, 68, 
134 ; of tide predicting machines, 131 


Liverpool, accuracy of tidal predictions, 140- 
143; Observatory & Tidal Institute, 110, 
122, 127, 128, 131, 132, 136, 139, 140, 210, 
219; method of analysis, 110 
London bridge, accuracy of tidal predictions, 
141, 142; early tide tables, 137 
Long, rivers, tides in, 135, 136 ; waves, 
defined, 145, 243 

Long-period, tides, 48, 49; variations in 
equilibrium tide, 33 

Longitude, defined, 37 ; mean, 40 ; relation 
between declination and, 40; relation 
between right ascension and, 40, 42 
Low water, defined, 6 ; double, 218 ; double, 
at Portland, 218, 223 ; height, 94, 95, 97, 
98; International, 102 ; lower, defined, 
95 ; lunitidal interval, 93, 97 ; springs and 
neaps, 94, 95, 98 
Lubbock, Sir John, 2, 4 

Lunar, attractive forces, 7-9, 13, . 

constituents, 45-49 ; declination, effect of, 
24, 25 ; forces, reaction of solar forces to 
13’; differential force (see under “ Tide¬ 
raising (or differential) force ” ) ; distance, 
effect of, 26 ; equilibrium tide, 30-36, 53- 
68; months, lengths of, 39; motions, 
formulae for, 41, 42 ; periods, 39; tide 
generating (or differential) force, 9—16 , 
tides, use of transits for, 74, 75 ; ^tractive 
force, 17-28; (see also under " Consti¬ 
tuents,” “ Equilibrium tide,” and 
“ Forces ”) 

Lunation, length of, 39 

Luni-solar constituents, diurnal, 48 ; semi- 
durnal, 47 

T unitiHal intervals. 34, 93, 96-99 


M 0 (mean tide level), defined, 94 
Machine, predicting, 118-131 (see also under 
” Predicting Machine ”) 

Mardgraph Plongeur Fav6, 90 
Mathematical, investigation of equilibrium 
tide, 35, 36; investigation of harmonic 
equivalents of non-harmonic constants, 
98 99 ; investigation of tide-generating 

(or differential) forces, 14-16; investi¬ 
gation of tractive force, 26-28 ; solutions 
of tides in oceans, 193-197 ; theory for 
the rate of propagation of a bore, 236, 
237 ; theory of centrifrugal forces, 172, 
173; theory of gyroscopic forces, 173- 
176 

Maximum values of lunar and solar 
equilibrium tides, 33 

Mean, high and low water springs and neaps, 
defined, 94; high and low water springs 
and neaps expressed as harmonic con¬ 
stants, 95, 97-99 ; longitude, 40 ; lunitidal 
intervals, defined, 93, 94; lunitidal 

intervals expressed as harmonic constants, 
95-99 ; rate of propagation of a progressive 
wave, 149, 150; rate of travel of a pro¬ 
gressive wave, 150 ; sea level, as datum, 
100, 101 ; sea level, defined, 6, 100 ; sea 
level, determination of daily values of, 110- 
112 ; sea level, multipliers for, 111 ; solar 
year, length of, 37 ; spring and neap 
I ranges, 95, 98 ; tide level, defined, 94 
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Meridians, tides in oceans bounded by, 4, 
194-197 

Meteorological origin, surges of, 238 
Meters, current, apparatus of Bourdon tube 
type, 91 ; difficulties of using, 92 ; indica¬ 
tion of direction, 92 ; measurement of 
velocity, 91 ; movement recorded, 92 ; 
pressure plate recorders, 91 
Method of analysis for 29 orl5 days, 110, 114, 
115 

Methods of predicting. Admiralty, 3, 70-78, 
117 (see also under “ Admiralty method ”); 
differences, 117 ; equation, 117; har¬ 
monic, 4, 117, 118 ; non-harmonic, 4, 117 
Metonic cycle, 39 

Mile, nautical, length of, 6 ; statute, length 
of, 0 

Mixed oscillations, analysis of, 107-109 ; of 
tractive forces, 23 

Modern cotidal charts, construction of, 202- 
204 

Monthly constituent, lunar, 49 
Months, lunar, lengths of, 39 
Moon, motions of, 38, 39, 41, 42 ; movement 
in orbit, 45 ; nodes of, 38, 39 ; orbit of, 38, 

39 

Moore, Admiral W. Usborne, 227 
Motions, in an inclined channel, 232-235 ; 
lunar, formulae for, 41, 42 ; of sun and 
moon, 38-42 ; solar, formulae for, 39-41 
Multipliers, for daily values of mean sea level, 
111 ; for harmonic analysis, 105, 106, 109 


Natural periods of oscillations, 34 
Nautical mile, length of, 6 
Neap, range, harmonic equivalent for, 95, 98 ; 
tides, defined, 94 

Necessity for resolution of tractive forces into 
components, 20, 21 
Newton, Sir Isaac, 1-3 
Nineteen-yearly period, 2, 39, 49, 103, 115 
Nodal, angular correction, 115 ; factor, 115 ; 
line, 156; lines, degenerate, 183, 184; 
section, 157 ; variations, formulae for, 52 
Nodes, moon's, 38, 39 

Non-harmonic, constants expressed as har¬ 
monic constants, 95-99 ; methods, 4, 117 ; 
method of prediction, 117 ; terms, 93-95 
North sea. Admiralty cotidal chart of, 205- 
210 ; cotidal charts of, 199-201 ; expla¬ 
nation of tides in, 214r-217 ; storm surges 
in, 247-249 

Norwegian North Polar expedition 1894, 254 


Objects of datum, 100 

Ocean (s), bounded by meridians, tides in, 4, 
194-197 ; bounded by parallels of latitude, 
tides in, 193, 194; covering the whole 
earth, tides in, 4, 193 ; polar, tides in, 
193 ; Southern, 190, 192 

Orbit, movement of moon in, 45 ; of moon, 
38, 39 

Orbital elements, solar, 51 


Ordnance datum, 101 

Orifice in well of tide gauge, dimensions of, 81 
Oscillation(s), analysis of mixed, 107-109; 
analysis of simple, 104-107 ; free damped, 
248 ; in seiches, 253 ; natural periods of, 
34; of tractive forces, 23, 26 ; periodic, 
34 ; relation of double high and low waters 
to standing, 222, 223 ; rotatory streams 
from combination of, 178, 179 ; standing 
(see under " Standing oscillations ”) 
Overfalls, 231, 232 


Paradox, tidal, 232 

Parallax, effects of changes in, 26 ; factor, 32, 
33, 45, 47 

Parallels of latitude, tides in oceans bounded 
by, 193, 194 
Partial tides, 4 
Perigee, 41 

Periodic oscillations, 34 

Periodicity, variation of response of water 
with, 34, 35, 70 

Periods, of natural oscillations, 34; of 
oscillations in simple basin, 34 ; of standing 
oscillations, 157, 158 
Petitcodiac river, bore in, 228 
Phase inequality, 94 

Phase-lags, defined", 49, 52, 53 ; of harmonic 
constituents, 103, 104 
Physical phenomena, distortion of, 143 
“ Physicalische Atlas,” 200 
Polar ocean, tides in, 193 
Portland, double low water at, 218, 223 
Potential energy, defined, 147 ; in canals 
encircling the earth, 191 ; in converging 
estuaries, 168 ; of a free progressive wave, 
148-150 ; of a standing oscillation, 158 ; 
relation between kinetic energy and, 147 
Potential of a force, 153, 190 
Predicting machine, components of, 127 ; 
counterpoise in, 124, 125; effects of 

friction in, 125-127 ; gear ratios of speeds 
of constituents in, 119-123; gradient 
curves in, 129, 130 ; harmonic motion, 118, 
123, 124; invention of, 118; Kelvin 
Bottomley & Baird, 122, 127, 128 ; L6g6 
(or Roberts), 122, 127, 129 ; list of, 221 ; 
procedure in using, 129-131 ; reduction of 
frictional effects in, 127 ; simple principles 
of, 118, 119 ; slipper block in, 124 ; use of 
for shallow-water corrections, 136 
Predictions, by Admiralty method, 3, 70-78, 
117 (see also under ” Admiralty method ”) ; 
by equation method, 117 ; by differences, 
117 ; by harmonic method, 4, 117, 118 ; 
by non-harmonic method, 117; inter¬ 
change of, 140 ; standard, 140 
Pressure, disturbance, effect of sudden cessa¬ 
tions of, 241 ; disturbance, effect of sudden 
creation of, 241 ; effects of changes in, 
238-241 ; effects of discontinuities of, 244; 
surges, development of, 241-243; tide 
gauge, recording, 90, 91 ; tide gauge, 
simple, 89 

Primary tide, relation of shallow-water tides 
to, in progressive waves, 64, 65 ; in 
standing oscillations, 65, 66 
Priming of tide, defined, 94 
Principal lunar semidiurnal constituent, 45 ; 
solar semidiurnal constituent, 47 
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Process of analysis, daily, monthly and 
annual, 112-114 
Profile of a bore, 228, 229 
Progressive wave (s), 5; as reservoir of 
energy, 147, 148 ; as indicator of speeds 
and relative importance of harmonic 
shallow-water constituents, 67 ; char¬ 
acteristics of, 146 ; considered as steady 
motion, 153, 164; distortion of, 62-64, 
160, 151 ; energy of, 148, 149 ; expressions 
for energy of, 148, 149 ; kinetic energy of, 
148; length of, defined, 143 ; mean rate 
of propagation of, 149, 150 ; mean rate of 
travel of, 62, 150 ; near coast, apparent, 
185'; period of, defined, 143 ; potential 
energy of, 148 ; progressive distortion of, 
150, 151 ; rate of propagation of, 153-155 ; 
rates of streams in, 145—147 ; rate of travel 
of, 62, 150; relation between potential 
energy and kinetic energy in, 149 ; relation 
between streams and elevation in, 143- 
145; relation between standing oscillations 
and, 161,162; streams associated with, 143, 
145 ; theory, 198 ; theory of tides in oceans, 
191. 192 

Propagation, defined, 6, 143 ; of a bore, 235, 
236 ; of a wave, 143 : of a progressive 
wave, mean rate of, 149, 150 ; of a pro¬ 
gressive wave, rate of, 153—155 ; rate of, 
defined, 143 

Proudman, 194, 201, 205, 248, 250 


Qualitative theories, 2, 3 

Quantitative theories, 2, 3 

Quarter-diurnal constituents, generation of, 
67, 68 ; in harmonic shallow-water cor¬ 
rections, 133 

Quarter-diurnal tide, conditions for genera¬ 
tion of double high or low waters by, 220, 
221 ; relation to primary tide, 65, 66 


Races, 231, 232 

Range, defined, 5; expressed in terms of 
harmonic constants, 95, 96, 98 

Rapid changes in barometric pressure, effects 
of. 240, 241 

Rate, of propagation of a wave, 149-151, 
153-155 ; of rise of tide in well of tide 
gauge, 81 ; of stream in a progressive wave, 
145-147 ; of travel of a bore, 236 ; of 
travel of forced waves, 190 ; of travel of 
progressive waves, 62, 150 

Rayleigh, Lord, 5 .... oc . 

Record of tide gauge, effect of friction on, 85, 


Recording, automatic tide gauge, 83-87 (see 
also under “ Automatic tide gauge ”) ; 
current meter, 91, 92 (see also under 
“ Meters, current ”) ; electrical, 88, 89 ; 
pressure tide gauge, 90, 91 
Rectilinear streams, defined, 6 
Reduction, of short lengths of observations, 
114 115 ; tables, 139 ; to steady motion, 
5, 153, 154, 190, 235, 244 
Reflected waves, 158-161 


Regression of the moon’s nodes, 38 
Relation (s), between declination and longi¬ 
tude, 40 ; between declination and right 
ascension, 41, 42 ; between elevation and 
stream in a progressive wave, 143, 145 ; 
between elevation and stream in a standing 
oscillation, 156, 157, 169-161 ; between 
g and k, 53, 116 ; between kinetic energy 
and potential energy, 147, 149 ; between 
right ascension and longitude, 40, 42; 
between solar and lunar forces, 13 ; between 
standing oscillations and progressive waves, 
161, 162 ; between times of high water at 
middle and sides of channel, 179, 200, 201 ; 
equilibrium, for S a , K a and T a , 94 ; equili¬ 
brium, for M a and N a , 74 ; of Admiralty 
method to equilibrium forms, 70; of 
shallow-water tides to primary tides. 
64^66 ; of shallow-water tides to standing 
oscillations, 65, 162, 222, 223 
Reservoir of energy, wave as, 147, 148 
Resolution, of velocities and forces into 
components, 7, 8 ; of tractive forces into 
components, 20-24 

Resonance, defined, 163 ; in an enclosed sea, 
168 ; in canals encircling the earth, 191 ; 
in gulfs, 166; in pressure disturbances, 
239 

Response of water to forces, variation with 
periodicity, 34, 35, 70 

Restrictions in a channel, effects of, 229-231 
Results of solar forces, 26 
Revolution, defined, 170 

Right ascension, defined, 37 ; relation 
between declination and, 41, 42 ; relation 
between longitude and, 40, 42 
River, Seine, bore in, 228 ; Severn, bore in, 
227 ; Thames, floods in, 247, 248 ; Trent, 
bore in, 228, 229, 236 

Roberts, E., 4, 118, 131 ; predicting machine. 
128, 129 

Rotation, defined, 170 ; of amphidromic 
systems, 184, 187 ; of streams (see under 
" Rotatory streams ”) ; of the earth, 
effect of, 5 ; of the earth, forces due to, 
170-i75 J £ 

Rotatory streams, causes of, 176 ; defined, 
6 ; due to combination of oscillations, 178, 
179 ; due to gyroscopic forces, 177, 178 ; 
due to shelving coast, 179, 180 ; due to 
tide-generating (or differential) forces, 176, 
177 ; in amphidromic systems, 183-185 
Roughness of sea surface due to wind, effect 
of, 243 


Saros, 39 

Scott, Sir Walter, 227 

Sea, elevation of surface due to changes in 
pressure, 240 ; gradient of surface due to 
wind, 244 ; gradient of surface due to wind 
or pressure disturbance, 245 ; influence of 
wind upon the, 243, 244 ; water, weight of, 

Seiche(s), defined, 6, 253 ; due to submarine 
shelf; 253 ; in bays and gulfs, 253 ; periods 
of oscillations, 263 

Seine, River, bore in, 228 

Seismic waves, 238 

Semidiurnal, components of tractive forces, 
• 23, 24; lunar constituents, 45, 46 ; luni- 















269 


solar constituent, 47 ; non-harmonic terms, 
93, 94 ; oscillations of tractive forces, 21- 
28 ; solar harmonic constituents, 46, 47 ; 
species of equilibrium tide, formula for, 33; 
tide, age of, 94, 96 ; tide in Admiralty 
method, 74, 76 

Sequences of tides in shallow water, 163 
Severn, River, bore in, 227 
Shallow water, cause of double high and low 
waters, 219, 220; corrections, general 
account of, 132-134 ; distortion of pro¬ 
gressive wave in, 62, 63 ; distortion of 
standing oscillation in, 62, 162 ; distortional 
effect of, 62 ; rate of travel of progressive 
wave in, 62 ; sequences of tides in, 133 ; 
standing oscillation in, 162 
Shallow-water harmonic constituents, deriva¬ 
tion of, 67, 68 ; / and u for, 68 ; importance 
of, 69; lists of, 68; special, 134, 135; 
special, lists of, 134 

Shallow-water tides, amplitudes of, 66; 
generation of, 62-64 ; laws of variation of 
amplitude of, 66 ; relation to primary 
tides, 64-66 ; relation to standing oscilla¬ 
tions, 66, 162, 222, 223 
Shalt al Arab, 136 
Short waves, 146, 243 
Sidereal day, length of, 43 
Simple, basin, period of oscillation in, 34 ; 
harmonic terms, 44, 45 ; oscillation, 

analysis of, 104—107 ; principles of pre¬ 
dicting machine, 118, 119; pressure tide 
gauge, 89 

Sixth-diurnal constituents, 67, 68, 133 
Sixth-diurnal tide, conditions for generation 
of double high or low waters by, 221, 222 ; 
relation to primary tide, 66 
Slipper block of predicting machine, 124 
Small deep sea, amphidromic system in, 185- 
187 

Solar, constituents, 46-48 ; equilibrium tide, 
33, 59, 60; forces, 13, 16, 26; forces, 
relation to lunar forces, 13 ; motions, 
formulae for, 39-41 ; orbital elements, 51 ; 
year, mean, length of, 37 ; (see also under 
“ Constituents,” “ Equilibrium tide ” and 
“ Forces ”) 

Solway firth, bore in, 227 
Southampton, double high waters at, 218, 223- 
226 

Southern ocean, 190, 192 
Span, in analysis, defined, 112 
Special, harmonic shallow-water constituents, 
134 ; problems of tidal prediction, 136 
Species of tide, defined, 6 ; semidiurnal, 
diurnal and long-period, 33 ; shallow-water, 
62-68 ; tide separated into, 4 
Speeds of harmonic constituents, 45-49, 103 
Spring, range, harmonic equivalent for, 96, 
98 ; tides, defined, 94 

Standard, of reference, equilibrium tide as, 
30, 31 ; ports, 138 ; predictions, 140 
Standing oscillation (s), described, 156, 157 ; 
in gulfs, 167 ; in Irish sea, 213 ; in North 
sea, 214 ; in shallow water, 162 ; nodal 
line in, 156, 157; period of. 157, 158; 
potential energy and kinetic energy in, 157, 
158; relation between elevation and 
streams in, 167, 157 ; relation between 
progressive waves and, 161, 162 ; relation 
of shallow-water tides to, 65, 162, 222, 223 ; 
streams associated with, 156, 157 
Standing wave theory of oceanic tides, 192,193 


Stationary, bore, 235 ; oscillation, 6 ; wave 
theory, 5 

Statute mile, length of, 6 

Steady motion, 5, 152 ; bore considered as, 
235 ; equilibrium under, 171 ; disturbance 
of equilibrium under, 171 ; fluids in, 170, 
171 ; pressure disturbance considered *ls, 
244 ; progressive wave considered as, 153, 
154, 190 

Stereographic, diagrams, construction of, 28, 
29 ; projection, 17 

Sterneck, 201, 212 

Storm surges in North sea, 247-249 ; (see 
also under “ Surges ") 

Strata.of different densities, internal waves 
in, 254-257 

Stream (s), and surface gradients, 202-204 ; 
associated with progressive waves, 143— 
145 ; associated with standing oscillations, 
156, 157 ; characteristics same as forces, 
26 ; deductions from, 201, 202 ; defined5 ; 
diagrams, 6; ellipses, 176, 177, 179-181; 
flux and flow of, 144; genesis of, 13, 14 ; 
in amphidromic systems, rotation of, 183, 
185 ; in channels of variable depth, 179 ; 
in gulfs, 163-167 ; in progressive waves, 
relation between elevation and, 143, 145 ; 
in progressive waves, rates of, 145-147 ; 
in standing oscillations, relation between 
elevation and, 156, 157 ; lines, 152; 

rectilinear, defined, 6 ; relative importance 
of parts played by tide and, 14 ; rotatory, 
defined, 6 ; rotatory, due to combination 
of oscillations, 178, 179 ; rotatory, due to 
gyroscopic forces, 177, 178 ; rotatory, due 
to shelving coasts, 179, 180 ; rotatory, due 
to tide-generating (or differential) forces, 
176, 177 ; tube, 152 ; transverse, in a 
channel, 182 ; variation of with depth, 
14, 145 

Sudden, cessation of pressure disturbance, 
effect of, 241 ; creation of pressure dis¬ 
turbance, effect of, 241 ; rise of wind, effect 
of, 244 

Supplementary tables in tide tables, 138, 139 

Surface, gradient in inclined channel, 233- 
235 ; gradient of sea, 243, 244; waves, 
145, 243 

Surges, complex, 244, 245 ; development of 
pressure, 241-243 ; due to cyclonic dis¬ 
turbances, 246, 247 ; in North sea, 247- 
249 ; of meteorological origin, 238, 240- 
245 ; of seismic origin, 238 


Tables, of hourly heights, 139,140; reduction, 
139 ; supplementary, 138, 139 ; tide (see 
under " Tide tables ”) 

Terrestrial conditions, influence of, 62, 143 
Thames, River, floods in, 247, 248 
Theory, absurd, 1 ; and practice, 1, 2 ; 
equilibrium, 30, 188, 189 ; erroneous, 179 ; 
of drift currents, 249-252 ; of internal 
waves, 264-257 

Third-diurnal, constituents, relation to pri¬ 
mary tide, 68 

Thomson, Sir William (Lord Kelvin), 3, 4, 
118, 128, 131, 182, 189, 218 
Tidal, equations, 3, 4, 188 ; forces, deforma¬ 
tion of earth’s fluid surface by, 33 ; insti¬ 
tute (se6 under " Liverpool Observatory 
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& Tidal Institute ”) ; paradox, 232; 
predictions (see under “ Predictions ”) ; 
streams (see under “ Streams ”) ; theories, 
absurd, 1 ; theories, erroneous, 1, 179; 
waves (seismic), 238 

Tide (s), age of, 94-96 ; as forced motions, 

163 ; at Portland, 218, 223 ; at South¬ 
ampton, 218, 223-226 ; components of 
(see under “Components”); constituents 
of (see under ” Constituents ”) ; defined, 

6 ; equilibrium (see under " Equilibrium 
tide ”) ; gauge, automatic (see under 
“ Automatic tide gauge ”) ; gauge, de¬ 
pending upon changes in volume, 89; 
gauge, electrical recording, 88, 89 ; gauge, 
pressure, 89-91 ; generating (or differ¬ 
ential) forces (see under " Tide-generating 
(or differential) forces ”) ; in channels of 
variable depths, 179; in converging 
estuaries, 168, 169 ; in English channel, 

217 ; in Freshwater bay, 223, 224 ; in 
gulfs, 163-167 ; in Irish sea, 210, 213, 
214; in long rivers, 135, 136; in North 
sea, 214-217 ; in ocean covering whole 
earth, 4, 193 ; in oceans bounded by 
meridians, 4, 194-197 ; in oceans bounded 
by parallels of latitude, 193, 194 ; in 
oceans, mathematical solution of, 193- 
197 ; in polar ocean, 193; in shallow 
water (see under “ Shallow-water tides ”) ; 
indicators, 79, 80 ; level, electrical meas¬ 
urement of, 80 ; level, mean, defined, 94 ; 
near Isle of Wight, 212, 217, 218, 223 ; on a 
rotating earth, 3 ; partial, 4 ; predicting 
machine (see under ” Predicting machine ”); 
species of (see under " Species of tide ”) ; 
staff, 79 ; well, 80-82 

Tide-generating (or differential) force (s), 
components of, 10-13, 14, 15 ; defined, 9 ; 
formulae for, 9, 10; formulae for com¬ 
ponents of, 12, 13 ; lunar, 9—12 ; mathe¬ 
matical investigation of, 14-16 ; rotatory 
streams due to, 176, 177 ; solar, 16 
Tide tables, accuracy of, 140-142 ; Admiralty 
(see under Admiralty Tide Tables") ; 
early, 2, 137 ; early, for London bridge, 

137 ; foreign, 138, 140 ; historical account 
of, 137 ; interchange of predictions for, 140 
“Tides and Tidal Streams of the British 
Islands,” 200 
" Tides and Waves,” 236 
Tizard, 200 
Toricelli’s theorem, 81 

Tractive force (s), deductions from, 25, 26 ; 
defined, 11 ; formulae for, 12, 13 ; formulae 
for components of, 25-28 ; hourly varia¬ 
tions of, 19-24; lunar, 11, 17-25; lunar, 
diagrammatic representation of, 17, 18 ; 
mathematical investigation of, 26-28 ; 
mixed oscillation of, 23; necessity for 
resolution into components, 20, 21; of 
wind, 243, 250 ; semidiurnal and diurnal 
oscillations of, 23, 24 ; solar, 13 
Trade winds, explanation of direction, 172 
Transits, use of when predicting lunar tide by 
Admiralty method, 74, 75 
Transverse, gradient in channel, 182 ; streams 
in a channel, 180, 182 

Travelling, pressure disturbance, 239, 241, 
242, 244; wind system, 243, 244 ; with 
wave, artifice of, 5, 153, 154, 190, 235, 244 
Trent, River, bore in, 228, 229, 236 
Tropics of Cancer and Capricorn, 40 

Printed in England under the autlu . 

by the Hydrographic S 


u, defined, 49 ; formulae for, 52, 58, 59 ; for 
shallow-water constituents, 68 
Uniformity in datums, lack of, 101 
United States Coast and Geodetic Survey, 3, 
4, 123, 192, 201 

Usborne-Moore, Admiral W., 227 


V, defined, 49 

Value(s), of acceleration due to gravity, 6 ; of 
coefficient of gravitational force, 6 ; of 
lunar and solar equilibrium tides, 
maximum, 33 ; of parallax factor in lunar 
equilibrium tide, 33 

Variation (s), in equilibrium relations, 70 ; of 
amplitudes of shallow-water tides, law of, 
64-66; of lunar equilibrium tide, 31-33; 
of lunar equilibrium long-period tide, 33 ; 
of response with periodicity, 34, 35, 70 ; 
of rotatory streams due to tide-generating 
(or differential) force, 176, 1^7 ; of stream 
with depth from surface, 14, 145 

Vectors, 176 

Vernal equinox, 37 

Vertical component of tide-generating (or 
differential) force, 10-12, 15 

Volume, law of conservation of, 149 ; tide 
gauge depending on changes in, 89 

Vulgar establishment, 93 


Water, response of, to forces, 34, 36, 70 ; 

viscosity of, 243 ; weight of sea, 82 
Wave (s), action in tide well, 81, 82 ; as 
reservoir of energy, 147, 148 ; distortion of, 
62, 63, 150, 151 ; distribution of energy 
in, 147, 148; free, 190; forced, 190; 
forced, in canals encircling the earth, 191 ; 
forced, rate of travel of, 191 ; in canals, 4 ; 
internal, 254-257 ; long, 145, 243 ; poten¬ 
tial energy and kinetic energy of, 147-149 ; 
progressive (see under " Progressive 
wave ”) ; seismic, 238 ; short, 145, 243 ; 
surface, 145, 243; tidal (seismic), 238; 
(see also under “ Standing oscillation ”) 
Weight of sea water, 82 

Well, tide, dimensions of, 80-82; rate of 
rise of tide in, 81, 82 
Wheeler, 236 

Whew ell, 2, 4, 137, 198, 199 
Wind, currents, deflection by gyroscopic 
forces, 245, 246, 250-252 ; currents in deep 
water, 245, 246 ; effect of sudden rise of, 
244; formula for effect of, 248 ; gradient 
of surface due to, 243-245 ; in cyclones, 
differential effect of, 247; in cyclones, 
distribution of, 246, 247 ; system, travel¬ 
ling, 243, 244 ; tractive force of, 243, 250 
Work done by a force, 153 


Z« (mean sea level), as datum, 100, 101 ; 
defined, 100 ; determination of daily values 
of, 100-112 

of Her Majesty’s Stationery Office 
jplies Establishment. 
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